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ABSTRACT
Thermoafferent information is integrated at multiple levels within the central nervous
system. However, due to the difficulty in differentiating thermoregulatory functions of the
spinal cord from those of higher centres in humans, the role of the spinal cord in certain
aspects of thermoregulation remains unclear. Subjects with spinal cord injury have unique
neural changes providing an opportunity to evaluate the role of the spinal cord,
independently of higher thermoregulatory centres.
Subjects with (N=11) and without (N=11) spinal cord injury were studied in a series of
experiments, in which a wide range of local and whole-body temperature changes and
postural manipulations were imposed. During these trials, various physiological (skin
temperature, core temperature, local sweat rate and sweat expulsion frequency - a measure
of central sympathetic drive), and psychophysical variables (thermal sensation and
discomfort) were investigated.
Six key observations arose from these experiments: (i) Subjects with spinal cord injury had
a lower thermoafferent capacity (secondary to neural damage) and a corresponding
reduction in thermoefferent drive (sudomotor sensitivity of 4.2 versus 8.8 expulsions·min1

·°C-1 in able-bodied; P=0.03). (ii) Equations used to approximate thermoafferent drive in

able-bodied subjects, overestimated thermal feedback in subjects with spinal cord injury.
However, this could be corrected by modifying the skin area weightings to include only the
sensate areas. (iii) No subjects with physiologically-confirmed thermoefferent spinal cord
injury displayed sweating from insensate skin sites, indicating that a spinal cord that has
been isolated from higher centres cannot induce thermal sweating. (iv) Subjects with spinal
cord injury had higher forehead sweat rates (0.77 versus 0.52 mg·cm-2·min-1; P=0.03), but
an equivalent sweat sensitivity (1.24 versus 1.27 mg·cm-2·min-1·°C-1; P=0.94), indicating
the presence of a peripheral adaptation to sustain thermal homeostasis, and secondary to
reduced thermal afferent and efferent flow. (v) Respiratory frequency increased more for a
given increase in body temperature in subjects with spinal cord injury (2.4 versus 1.1
breaths·min-1·°C-1; P=0.042), but this did not provide a thermoregulatory benefit. (vi)
Subjects with spinal cord injury demonstrated greater changes in behavioural
13

thermoregulatory indicators (thermal sensation and discomfort) in response to standardised
local and whole-body thermal loads. Collectively, these observations indicate the unique
nature of thermoregulation in people with spinal cord injury and the adaptive ability of the
human thermoregulatory system.
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CHAPTER 1
INTRODUCTION

1.1 INTRODUCTION
Humans maintain body temperature within a remarkably narrow range despite exposure to
environments with extremes of ambient temperature from -110°C (the surface of the Moon)
to 2,000°C (the air around a space shuttle as it re-enters the atmosphere). Despite these
severe temperatures, a relatively small (e.g. 2-3°C) decrease, or increase in core
temperature is considered abnormal to the point of meeting medical criteria for hypo- and
hyperthermia respectively (Braunwald, 2001). The first essential steps in minimising such
deviations in the internal environment are to sense changes and initiate appropriate
behavioural and physiological responses. Sensors responsive to specific forms, intensities
and even patterns of stimuli, are located throughout the body, and provide information
regarding changes in the external and internal environment, including the nature and
intensity of those changes. When an organism receives such sensory cues, responses are
initiated by relevant effector mechanisms associated with the body’s many inter-dependent
control systems (Partridge, 1982), and feedback to the various controllers effects corrective
actions (i.e. negative feedback)(Pierau, 1996).
Humans are continually exposed to thermal stress and must therefore counteract such
changes. Thermal stress can be internal (metabolic) or external (environmental).The
thermoeffector 1 mechanisms are categorised into two divisions: behavioural and
autonomic. Behavioural responses have the potential for a much greater and more rapid
effect on maintaining body temperature within a narrow range, than do autonomic
responses. Behavioural responses generally consist of avoidance or reduction of thermal
stress by changing the immediate environment, for example via modification of clothing or
by comfort conditioning of the microenvironment, and can be quantified using thermal
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sensation and discomfort (Benzinger, 1969; Cabanac et al., 1972; Stolwijk and Hardy,
1977; Attia and Engel, 1981). Interrelated autonomic thermoeffector mechanisms, in
combination with a relatively hairless skin, further provide humans with an exceptional
heat loss power during heat stress, though only a moderate ability to prevent heat loss
under cold stress. A preferential use of behavioural responses reduces the reliance on
autonomic mechanisms, such as skin blood flow modification, sweating and shivering. In
healthy individuals temperature regulation is maintained with a balance between
behavioural and physiological thermoregulatory systems. However in people with afferent
or efferent damage, such as those with spinal cord injury, this balance is altered, and this
concept forms the focus of this dissertation.
There have been many attempts to characterise the input (thermoafferent) versus output
(thermoefferent) relationship for thermoregulation, where the thermoafferent load is most
commonly partitioned into two physical entities; a thermally unstable shell and a relatively
stable body core. However, both the skin and deep body tissue, especially certain regions
of the central nervous system, contain high density distributions of thermally sensitive
neurons. Using thermal manipulations of these fields, it has now been extensively
demonstrated that both cutaneous and deep body temperatures participate in the control of
autonomic and behavioural responses (Brebner and Kerslake, 1961; Hammel et al., 1963;
Stolwijk and Hardy, 1966; Nadel et al., 1971; Cabanac et al., 1972; Jessen, 1990a).
Subsequently, attempts to quantify thermoafferent drive have utilised mean body
temperature equations with different weightings for core and skin (Tabor, 1981; Sugenoya
and Ogawa, 1985; Vallerand, 1992). An alternative purpose of deriving mean body
temperature is to quantify whole body energy content (heat storage)(Snellen, 1966;
Vallerand, 1992). These equations uniformly assign a greater weighting to deep body
temperature, representing a larger contribution to autonomic responses and heat content
(Tabor, 1981; Sugenoya and Ogawa, 1985; Vallerand, 1992).

1

Thermoeffector: An organ system and its action, that affect heat balance in a controlled
manner as part of the processes of temperature regulation (Thermal-Comission-IUPS,
2003).
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The central nervous system, in addition to a relatively high density distribution of thermally
sensitive neurons, has an important role in the central integration of deep and cutaneous
thermoafferent drive. Much of the basic information about the site of central integration,
and the neural networks involved in body temperature regulation has been inferred from
early invasive experiments in which implanted thermodes, transections, and lesions were
made at different levels of the central nervous system (Barbour, 1912; Isenschmid and
Krehl, 1912). While these studies show that thermal information may be integrated at
multiple levels within the central nervous system, it is clear that the hypothalamus plays a
major role in the detection of deep-body temperature change, and the integration and
control of thermoregulatory responses (Barbour, 1912; Isenschmid and Krehl, 1912;
Wunnenberg, 1973; Simon, 1974; Jessen, 1990a). The importance of the spinal cord in
controlling heat balance has also been emphasised (Kuno, 1956; Seckendorf and Randall,
1961; Iggo and Ramsey, 1976), as it not only provides a means of neural communication to
and from higher centres, but is also a centre for spinal reflexes (e.g. swallowing, coughing,
sneezing, stretch)(Wallin and Stjernberg, 1984), and is responsible for extensive
convergent integration of thermoafferents (Hellon and Mitchell, 1975; Iggo and Ramsey,
1976).
Due to the difficulty in separating hypothalamic from spinal cord thermoregulatory
functions in humans, many aspects of the independent functions remain unclear. For
example, both the hypothalamus and the spinal cord have been shown to possess
thermoreceptive 2 as well as integrative functions in animals (Simon et al., 1986; Jessen,
1990b). While such invasive research is not directly possible in humans, subjects with
complete spinal cord injury provide a unique opportunity to determine the role of the spinal
cord, independently of higher thermoregulatory centres (assuming that the lesion does not
fundamentally nullify the isolated cord’s capability for reflexes). Additionally, studying
spinal cord injured individuals also provides greater insight on how this profoundly life
altering injury impacts on their thermoregulation. Therefore, in this series of projects,
2

Thermoreceptor: Thermosensitive neural element for which both its afferent function and
its response characteristics are electrophysiologically identified (Thermal-Comission-IUPS,
2003).
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subjects with spinal cord injury were investigated to determine the role of the spinal cord in
isolation from higher centres and to determine the impact of spinal cord injury on
thermoregulation.

1.1.1 Spinal cord injury
The rate of persisting spinal cord injury worldwide ranges from 15 to 40 per million people
(Sekhon and Fehlings, 2001), with around 400 new cases in Australia each year (O'Connor,
2002). Damage to the spinal cord and sympathetic ganglia can occur if the blood supply is
cut off, or if these tissues are bruised by a bone fragment, crushed or severed. In Australia,
incomplete cervical cord injuries are most common (38%)(O'Connor, 2002). Rates are
highest in young adults and in males, and are overwhelmingly the result of unintentional
injury (93%), and often due to motor vehicle crashes (43% of total spinal cord injuries).
Other common causes include falls, aquatic activities, and work place accidents (O'Connor,
2002). Once established, there are no treatments to ameliorate the neurological dysfunction
that occurs at or below the level of injury (Sekhon and Fehlings, 2001). The prevalence of
spinal cord injury is also changing as people with spinal cord injury are living longer
(Sekhon and Fehlings, 2001; O'Connor, 2005), with 94% survival at 1 year and 86% at 10
years (O'Connor, 2005). Subsequently, the annual cost predicted related to spinal cord
injury was $250 million for 2006 in Australia (Walsh, 1988). Of course, there are noneconomic human costs which cannot be quantified. The increasing prevalence and cost of
spinal cord injury emphases the impact of spinal cord injury on our society.
Spinal-cord damage can result in quadriplegia, paraplegia, and sensory deficits far beyond
the damage they would inflict elsewhere in the nervous system because the spinal cord
contains, in a small cross-sectional area, almost the entire motor output and sensory input
of the trunk and limbs. The spinal cord is a thin, tubular extension of the central nervous
system contained within the bony spinal canal. It originates at the medulla and continues
caudally to the conus medullaris (~46 cm in an adult)(Lowenstein, 2005). The presence of a
horizontally defined level below which sensory, motor, and autonomic function is impaired
is a hallmark of spinal-cord disease. Lesions that affect the descending corticospinal and
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other motor tracts cause paraplegia or quadriplegia. Such lesions also typically produce
autonomic disturbances consisting of disturbed sweating, and bladder, bowel, and sexual
dysfunction (Lowenstein, 2005). The degree to which functions such as movement and
sensation are affected depends on the severity of damage. In a complete injury, all
movement and sensation below the level of the spinal cord injury is lost. In an incomplete
injury, some of the pathways at the site of the injury are spared, and there may be some
sensation below the level of injury, or some movement of the muscles. The amount of
damage in an incomplete injury can be minor or quite substantial (Lowenstein, 2005).
Therefore, subjects with spinal cord injury will experience impaired sensory and
thermoeffector function, resulting in adverse effects on thermoregulation.
The autonomic nervous system innervates and partly or wholly governs the activity of all
organ systems. It is involved in the regulation of blood pressure, heart rate, sleep, sweating,
and bladder and bowel function. Connections between the cerebral cortex and the
autonomic centres in the brainstem coordinate autonomic outflow with higher mental
functions. The preganglionic neurons of the sympathetic nervous system exit the spinal
cord between the first thoracic and the second lumbar segments. The postganglionic
neurons, located in ganglia outside the central nervous system, give rise to the
postganglionic autonomic nerves that innervate organs and tissues throughout the body,
including sweat glands. The effect of spinal cord injury on the ability of the autonomic
nervous system to maintain thermal homeostasis, and its ability to adapt to these unique
changes, will be explored in the current series of projects.

1.1.2 The Central Nervous System, Spinal cord injury and Thermoregulation
Thermoafferent flow is derived from thermosensitive 3 tissue located in cutaneous and deep
structures (Brebner and Kerslake, 1961; Hammel et al., 1963; Cabanac et al., 1972; Jessen,
1990a) which converges at the spinal cord (Hellon and Mitchell, 1975; Iggo and Ramsey,
1976), before ascending to higher centres, some of which is thermosensitive. Thus, any

3

Thermosensitive: Descriptive of thermoresponsive neural structures with the implication
that the neural elements involved provide specific temperature signals. Synonym:
temperature sensitive (Thermal-Comission-IUPS, 2003).
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interruption to the transmission of thermoafferent information from the periphery to higher
centres will alter the relationship between total body heat content and thermoafferent flow.
Consequently, using mean body temperature derivations derived from able-bodied subjects
to reflect the drive for thermoregulation (i.e. thermoafferent load) in people with spinal
cord injury may not be appropriate. This notion was examined initially within the current
thesis, with a view to deriving a more valid means of representing mean body temperature
in people with spinal cord injury.
Previous studies on people with spinal cord injury have consistently shown an impaired
ability to minimise perturbations in body temperature (Seckendorf and Randall, 1961;
Randall et al., 1966; Huckaba et al., 1976). A complete spinal cord injury isolates the
caudal spinal cord and sympathetic tract from higher central nervous centres. It is well
established that an isolated spinal cord can participate in reflex sweating, at sites below the
injury, in response to non-thermal stimuli (e.g. bladder distension, noxious
stimuli)(Guttmann and Whitteridge, 1947; Boshes and Blustein, 1960; Stjernberg and
Wallin, 1983; Wallin and Stjernberg, 1984). Thus, the eccrine sweat glands below the level
of injury are functional, albeit relatively isolated. However, the capacity of the isolated
spinal cord to independently initiate and modulate thermoregulatory sweating is less clear.
It seems intuitive that a complete spinal cord injury would eliminate sudomotor control
below the site of the injury because of the absence of descending outflow. Indeed, many
investigators have reported such an absence of thermal sweating (Pollock et al., 1951;
Guttmann et al., 1958; Boshes and Blustein, 1960; Totel et al., 1971; Normell, 1974; Totel,
1974; Downey et al., 1976; Tam et al., 1978; Petrofsky, 1992). However, Silver et al.
(1991) observed sweating over the entire skin surface of every spinal cord injured subject
tested. This paradox was consistent with the observations of several previous studies
(Seckendorf and Randall, 1961; Randall et al., 1966; Huckaba et al., 1976), and raises the
possibility that the human spinal cord could modulate thermal sweating independently of
neural connections with the hypothalamus. While this seems unlikely, the spinal cord is
known to be independently responsible for extensive convergent integration of
thermoafferents (Hellon and Mitchell, 1975; Iggo and Ramsey, 1976), and sub20

hypothalamic nuclei, such as the nucleus raphe magnus and subcoeruleus regions, also
appear capable of limited integration, independently of the hypothalamus (Bruck, 1986).
Consequently, it is possible that regions within the spinal cord can act as sites of central
integration of afferent signals, with the potential to initiate effector responses. Further
supportive evidence for this possibility is the recent observation from our laboratory that
localised cutaneous thermal stimulation caused larger changes in sweating at precisely
contralateral sites than at other sites (Cotter and Taylor, 2005). However, there are limited
data on thermoregulatory function in subjects with spinal cord injury. Therefore, a central
aim of the current project was to determine if a spinal cord isolated from higher centres is
capable of initiating and controlling thermal sweating.
In many studies of thermoregulation following spinal cord injury, sample sizes were small,
sweating was quantified using methods known to be relatively insensitive (starch iodide or
quinizarin powder) and experimental standardisation was sometimes minimal. For instance,
since sweat glands from skin surfaces below a spinal cord injury do participate in nonthermal sweating (e.g. autonomic dysreflexia), it is essential to eliminate both reflex stimuli
and reflex sweating when examining a possible controller role for the spinal cord in
thermoregulation. Additionally, sweating from insensate skin surfaces may result from
surviving neural connections (incomplete sympathetic-tract injury)(Boshes and Blustein,
1960; Dimitrijevic et al., 1983; Dimitrijevic, 1987), or the regeneration of efferent
pathways, so it is also essential that spinal cord injured subjects only be recruited from the
spinal cord injured population in whom complete separation of both the spinal cord and
sympathetic tract has been verified clinically. The methods used in the current project were
selected with these points in mind.
Humans have a great capacity to adapt to a broad range of thermal stressors. Adaptations to
the autonomic system have been studied extensively during heat acclimation, with effects
on core temperature (Fox et al., 1963; Henane and Valatx, 1973; Armstrong and Kenney,
1993), cutaneous vasodilatation (Armstrong and Kenney, 1993), sweat onset (Ladell, 1951;
Henane and Valatx, 1973; Nadel et al., 1974; Libert et al., 1983; Shido et al., 1999), and
sweat rate (Fox et al., 1964; Wyndham, 1967). Cold acclimation provides similar
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adaptations, altering the threshold for shivering (Jansky et al., 1996), heat loss (Jansky et
al., 1996; Vybiral et al., 2000), and the number of cold spots (Kozyreva & Yakimenko
1978). Given this adaptive ability of the human thermoregulatory system, people with
spinal cord injury provide the opportunity to investigate such adaptations to chronically
reduced thermoafferent and thermoefferent flow.
Following a spinal cord injury, the total area of sensate and sympathetically innervated skin
is dramatically reduced in proportion to the spinal level and severity of injury. Under this
circumstance, the central integrator obtains its thermoafferent information from a reduced
number of thermoreceptors, and outputs to a reduced area of sympathetically innervated
tissue. This situation provides a novel and relatively prevalent condition where adaptive
modifications may occur. If present, these adaptive changes may exist via a variety of
avenues. The most commonly suggested adaptation to compensate for a reduced lowerbody sweat output is to increase upper-body sweating. Whilst this finding has been
concluded from previous studies showing higher sweat rates from the sensate skin of spinal
cord injured subjects compared with able-bodied subjects at the same ambient temperature
(Huckaba et al., 1976; Attia and Engel, 1983; Freund et al., 1984; Petrofsky, 1992), it is
unlikely to provide evidence for a compensatory thermoregulatory adaptation, because
subjects with spinal cord injury also have a reduced capacity to maintain body temperature
via autonomic regulation (Huckaba et al., 1976; Attia and Engel, 1983; Freund et al., 1984;
Petrofsky, 1992), resulting in higher tissue temperatures and therefore a greater stimulus
for sweating. These previous studies generally used relatively insensitive techniques that
did not allow the accurate quantification of sweat rate, and did not express sweating
relative to body temperature. Additionally, less valid indices of core temperature (e.g. oral),
and inadequate control of non-thermal stimuli inducing sweating caudal to the site of
injury, limit the ability to determine the presence of a true compensatory increase in upperbody sweating. Therefore, another aim of the current project was to use a more controlled
experimental design (addressing many of the limitations of these previous studies) in
examining this notion of autonomic adaptation, including higher sudomotor output on
remaining sensate regions.
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Another aim of this project was to investigate a potential adaptation that appears not to
have been directly investigated. Similar to upper-body sweating compensating for a
reduced thermoeffector output to areas below the level of injury, the aim of this study was
to determine whether upper-body thermosensitivity may be increased to compensate for a
reduced thermoafferent input from areas below the level of spinal cord injury. People with
spinal cord injury, and subsequently a reduced ability to increase physiological (autonomic)
heat dissipation, would benefit from enhanced behavioural thermoregulation because it
constitutes a powerful and efficient means of regulating body temperature, independently
of the autonomic system.
An alternative, and less studied potential avenue to compensate for impaired
thermoregulatory capacity is thermal panting. Panting is the primary avenue for
evaporative heat loss in most non-sweating animals, dissipating as much as 95% of
metabolic heat (Kamau, 1988). However, humans have an extremely powerful sweating
response, and while the coexistence in humans of hyperthermia and tachypnoea has been
known for over 100 years (Haldane, 1905), ventilatory heat losses generally constitute a
small portion of total heat loss during thermal stress (Mitchell et al., 1972). However,
people with spinal cord injury have a reduced ability to regulate body temperature, due to
impaired innervation of both sweat glands and cutaneous blood vessels (Wallin and
Stjernberg, 1984; Sawka et al., 1989; Muraki et al., 1996). As an alternative or perhaps
supplementary heat loss mechanism, an amplification of the existing, minimal ventilatory
(panting) response may occur. A further aim of the current project was therefore to more
comprehensively attempt to identify if panting exists in subjects with spinal cord injury.
To complete this experimental series, subjects without spinal cord injury were investigated
to establish the role of the spinal cord in a well established sudomotor reflex. Studies have
shown that mechanical pressure exerts effects on sweating at sites distant to the applied
stimulus; an effect termed hemihidrosis (Takagi and Sakurai, 1950; Ogawa et al., 1980;
Vaidya and Dhume, 1994; Okagawa et al., 2003). Postural changes induce a similar
response, and the mechanism is suspected to involve inhibition (and possibly facilitation)
of sudomotor efferent activity at the spinal level (Ogawa et al. 1980; Ogawa 1984). To
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date, authors have only speculated that this suppression occurs at the spinal level based on
the principle that spinal pathways exert a dermatomal effect, while supraspinal control
exerts a more generalised effect (Ogawa et al., 1980). To determine the origin of this effect,
this project utilised the sweat expulsion parameter of sudomotor function, since this
provides the most direct measure of underlying central drive (Sugenoya and Ogawa, 1985;
Yamazaki et al., 1991; Ogawa and Sugenoya, 1993). That is, the measurement of sweat
expulsion frequency avoids a potential confounding effect of peripheral influences which
can modify the rates of sweat secretion and excretion at the glandular level. The recognised
peripheral influences include local skin temperature, skin hydration and hidromeoisis,
sweat precursor substrate availability or local blood flow, and localised effects of physical
pressure on the skin. Thus, simultaneous measurement of sweat expulsion frequency and
sweat rate allows the discrimination of central and peripheral components, respectively.
Therefore, this project used measurements of sweat rate and sweat expulsion frequency (i.e.
a surrogate of central sudomotor activity)(Sugenoya and Ogawa, 1985; Sugenoya et al.,
1990) of the upper and lower-body simultaneously during postural manipulation (supine to
sitting) to determine if there is a differential central sudomotor activity between the upper
and lower-body, which would provide more direct evidence for a spinal sudomotor reflex.

1.1.3 Central sudomotor activity
To isolate many of the thermoregulatory mechanisms described above, the current series of
projects has focused generally on heating and sudomotor responses for three reasons. (i)
During cold stress autonomic thermoregulatory control is less rigid and measurable than
under heat stress (Gagge et al., 1967; Mitchell et al., 1968). (ii) During cooling there is a
large thermal gradient between skin regions. (iii) Sudomotor responses are more sensitive
to cutaneous thermal input than is shivering thermogenesis in humans (Hardy and Stolwijk,
1966; Heising and Werner, 1985). A unique feature of the current investigation, which
allowed greater clarification of sudomotor responses, was the simultaneous quantification
of a surrogate index of sympathetic (sudomotor) drive, and the resultant sweat rate from the
upper and lower-body. Microneurographic studies have demonstrated that sweat expulsions
are preceded by sympathetic bursts occurring in sudomotor postganglionic fibres (Bini et
al., 1980; Sugenoya et al., 1990). These sweat expulsion impulses originate in the medulla
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(McAllen et al., 1995) where a single ‘impulse’ is thought to be transmitted throughout the
body via the sympathetic nervous system (Bini et al., 1980; Sugenoya and Ogawa, 1985;
Sugenoya et al., 1990). The rate of these synchronous expulsions is linearly related to body
temperature (Ogawa and Bullard, 1972; Sugenoya et al., 1982). Therefore, sweat
expulsions track central sudomotor activity, which is associated with the integration of
thermal inputs and the generation of sudomotor impulses. Subsequently the rate of sweat
expulsions reflects the magnitude of sudomotor outflow (Sugenoya and Ogawa, 1985;
Ogawa and Sugenoya, 1993). The use of sweat expulsion frequency in combination with
multi-site sampling in spinal cord injured subjects provides more information, increasing
our understanding of both spinal cord injured and able-bodied thermoregulation.

1.2 SUMMARY
The roles of the spinal cord in mammalian thermoregulation are poorly understood,
particularly in humans by virtue of less opportunity for invasive experiments, and limited
experimental control or detail provided in many studies performed using subjects with
spinal cord injury. Nonetheless, several basic questions are able to be addressed using
available techniques that provide good control of body temperature (and afferent load) and
insightful measurement of neurally-mediated sudomotor outputs (and efferent drive). Such
information would add valuable insight to our knowledge of human thermoregulation per
se, and also for the people directly affected by spinal cord injury.
One initial question that must be resolved is how to validly measure body temperature for
thermoregulatory control purposes in the spinal cord injured population. Chapter Two
describes a study designed to more accurately quantify body temperature in subjects with
spinal cord injury. A notable area of confusion in the literature is whether the spinal cord
can function as a controller in thermoregulation. Chapter Three incorporates the
methodological findings of Chapter Two in conjunction with a relatively direct measure of
sudomotor outflow, in examining thermoregulatory responses to heat stress with specific
reference to quantifying sweat both above and below a complete spinal cord injury.
Chapters Four and Five investigate possible thermoregulatory adaptations that may
compensate for the reduced thermoregulatory capacity. Chapter Four focuses on
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thermosensitivity for autonomic (sudomotor) and behavioural thermoregulation, whereas
Chapter Five focuses on the possibility of an alternative thermoeffector response (panting).
Chapter 6 completes this experimental series by investigating the role of the spinal cord
modifying central sudomotor activity in able-bodied subjects.

1.3 PURPOSE
The research undertaken in this series of investigations focuses on five key issues. (i) The
measurement of body temperature in subjects with spinal cord injury, with the purpose of
providing a more valid measure of thermoafferent loading. (ii) Verifying whether the spinal
cord can function as an independent central integrator of thermoafferent information in
humans, indicated by identifying sudomotor output caudal to the site of a completely
isolated spinal cord. (iii) Evaluating whether and to what extent behavioural and autonomic
adaptations occur to compensate for chronically-impaired thermoafferent and
thermoefferent function. (iv) Investigating the possibility of panting in subjects with spinal
cord injury. (v) Determining whether central sympathetic sudomotor activity can be
modified at the spinal level by an interaction with cutaneous mechanoreceptors.

1.4 HYPOTHESES
It was hypothesised that:
1. Conventional mean body temperature equations derived from able-bodied subjects
overestimate the thermoafferent drive for thermoregulation in subjects with spinal cord
injury, and that assigning a constant, neutral temperature to insensate tissue minimises
this overestimation.
2. A spinal cord completely isolated from higher centres will not initiate or modulate
thermal sweating.
3. Subjects with spinal cord injury will compensate for impaired sudomotor function
caudal to the level of injury, by increasing sweat rate rostral to the level of injury.
4. Subjects with a chronic reduction in the area of sensate skin will display elevated
whole-body and cutaneous, thermal perceptual and thermoeffector sensitivity to an
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equivalent local and whole body thermal strain, when compared to able-bodied
subjects.
5. Subjects with a spinal cord injury will increase breathing frequency to a greater extent
than able-bodied subjects in response to a thermal stress, however this response will not
substantially enhance heat dissipation
6. Passive inclination from supine to sitting will reduce lower- and increase upper-body
sweating, and this response will result from suppression of central sympathetic activity
to the lower-body, whilst maintaining a synchronous output to both the upper and
lower-body.
Eleven subjects with, and eleven subjects without spinal cord injury were studied. The
level and completeness of spinal cord injury was determined both clinically and
physiologically. Subjects were exposed to a wide range of local and whole-body
temperature changes (using a climate chamber, water perfusion suit and patches) and
postural manipulations, whilst measuring skin temperature, core temperature, local sweat
rate (using capacitance hygrometry) and sweat expulsion frequency (i.e. a measure of
central sympathetic drive), as well as perceived local and body temperature and thermal
comfort.

1.5 ETHICAL CONSIDERATIONS
All experimentation conformed to the ethical clearances granted by the Human Ethics
Research Committee of the University of Wollongong. Accordingly, subjects were
informed of the purposes and demands of the experiments, and were given opportunity to
discuss these, before providing informed consent of participation.
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CHAPTER 2
BODY TEMPEARTURE MEASUREMENT IN HUMANS WITH SPINAL CORD INJURY

2.1 ABSTRACT
Introduction: Spinal cord injury alters the relationship between heat storage and
thermoafferent flow. Consequently, using mean body temperature to reflect thermoafferent
load may not be appropriate, since derivations were developed using able-bodied subjects.
The purpose of this project was to evaluate the validity of traditional mean body
temperature derivations for spinal cord injured persons, with a view to deriving a more
valid derivation for people with spinal cord injury. Methods: Nine subjects with spinal
cord injury were matched with ten able-bodied subjects, and studied during rest in
thermoneutral (27.9°C), cool (11.5°C) and warm (38.5°C) conditions. Exposures lasted
approximately three hours. Body temperatures were measured at the core (oesophagus,
rectum and auditory canal) and skin surfaces (14 sites), whilst forehead sweat expulsion
frequency was used to reflect central thermoefferent (regulatory) drive. Mean body
temperature was calculated from the weighted sum of core and skin temperatures, using 16
different computations. Results: Subjects with spinal cord injury demonstrated
substantially reduced sudomotor sensitivity (4.2 sweat expulsions.min-1.°C-1 ±1.1; ablebodied = 8.8 expulsions.min-1.°C-1 ±1.2; P=0.03). They also had a disproportionately lower
rectal temperature (P<0.01). Thus, conventional mean body temperature calculations
provided an imprecise index of thermoafferent flow in these subjects. This
thermosensitivity difference was removed by assigning a constant temperature (34°C) to
each insensate skin site. Discussion: Spinal cord injury does not necessarily alter the
thermal afferent-efferent relationship. However, it does reduce total thermoafferent flow
for a given heat content. Therefore, conventional mean body temperature equations
substantially misrepresent thermoafferent drive in people with spinal cord injury. This
problem is prevented by assigning a constant temperature to insensate skin sites.
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2.2 INTRODUCTION
Mean body temperature, derived as a weighted sum of core and skin temperatures, is used
extensively to quantify whole-body thermal energy content (heat storage) or its change, and
to reflect afferent flow from thermosensitive tissues. Quantifying thermal energy is of
considerable practical benefit, and uses weighting coefficients that are temperature and
tissue size-dependent. However, the focus of this project was on the quantification of
thermoafferent flow, with specific attention to mean body temperature measurement in
people with spinal cord injury, in whom the total thermal energy capacity may remain
relatively unaltered, whilst the proportion of tissues contributing to the thermoafferent load
has been dramatically reduced.
It has been demonstrated extensively that both cutaneous and deep body temperatures
participate in the control body temperature (Brebner and Kerslake, 1961; Hammel et al.,
1963; Cabanac et al., 1972; Jessen, 1990). Accordingly, many thermoregulatory models
employ combinations of core and skin temperature, where the latter is typically represented
as mean skin temperature. However, the relative roles of these inputs are not consistently
represented, other than assigning the major weighting to the core. Similarly, the nature of
the interaction between core and mean skin temperature is inconsistently reported, at least
for sudomotor (sweating) control, since it has been calculated to be additive (Stolwijk and
Hardy, 1966; Nadel et al., 1971), multiplicative (Libert et al., 1982), or a combination of
these interactions (Libert et al., 1982; Sugenoya and Ogawa, 1985).
Nevertheless, various methods have been used to represent the cutaneous thermoafferent
drive. For example, use of the four site method of Ramanathan (1964; Sugenoya and
Ogawa, 1985; Yamazaki et al., 1994), through to 12-18 points (Mitchell et al., 1968;
Heising and Werner, 1985; Werner and Heising, 1990). Olesen (1984) has compiled mean
skin temperature data for 14 skin sites from 824 trials, revealing that right shin temperature
accounted for 40% of the criterion mean skin temperature alone. The fit was improved
when the number of sites was increased to two (r2 =0.78), three (0.86), four (0.92), six
(0.95), seven (0.97), eight (0.98), ten (0.99) and twelve sites (1.00). However, these
findings only reveal the extent to which the area-weighted skin temperature is represented,
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and this may be considerably different than the average cutaneous thermal input, as seen by
the temperature integrating centres (Thermal-Commission-IUPS, 2003).
Within such a regulatory system, thermosensitive tissues convert local thermal energy into
afferent impulses, while heat exchanges from the body surfaces are controlled via efferent
flow from the hypothalamus. Humans modulate cutaneous blood flow, evaporative heat
loss and thermogenesis to regulate whole-body thermal energy content. Optimal
thermoregulation relies on the integrity of the entire system. Complete spinal-cord and
sympathetic-tract transection from injury eliminates thermoafferent flow, and control of
thermoeffectors below the lesion, reducing the capacity to cope with altered thermal states
(Randall et al., 1966; Huckaba et al., 1976). Thus, for such people, the derivation of mean
body temperature as an index of thermoafferent flow, as calculated for able-bodied people
(ISO, 1992; Vallerand, 1992), seems inappropriate.
It is assumed that, for able-bodied people, mean body temperature best reflects the
temperature that the regulatory system is seeking to govern (Hardy, 1954; Snellen, 1972;
Jessen and 1996). However, following spinal cord injury, a significant proportion of the
total thermoafferent flow is eliminated; the extent of which is dependent on both the
magnitude and level of injury. Previous groups have either not adjusted for this altered
state, and derived mean body temperature using equations designed for use in able-bodied
subjects (Huckaba et al., 1976; Attia and Engel, 1983), or have re-weighted the skin
temperature component to include only the sensate skin sites (Tam et al., 1978). Whilst the
latter method may appear to be logical, the premise of this study is that neither approach is
appropriate, since spinal cord injury changes the relationship between heat storage and the
corresponding afferent drive (Tam et al., 1978a; Freund et al., 1984). It was therefore
hypothesised that a mean body temperature derived using either of these methods would
over-estimate the actual thermoafferent drive in people with spinal cord injury.
Accordingly, the unique regulatory characteristics of such people may require that an
alternative approach be sought for the indirect approximation of thermoafferent drive, and
this was a primary purpose of the current project.
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Direct measurement of thermoafferent flow in humans is unrealistic. However, since
thermoefferent flow is proportional to the thermoafferent flow within a linear control
system, it is possible to indirectly quantify thermoafferent flow by measuring either
thermoefferent (sympathetic) flow, or an appropriate surrogate (effector) index. Since it is
well established that sweat expulsion frequency (fsw) is strongly correlated with
sympathetic outflow (Ogawa and Bullard, 1972; Sugenoya and Ogawa, 1985; Sugenoya et
al., 1990), this index was used in the current study as a surrogate of efferent flow, and
subsequently compared sudomotor drive in subjects with, and without spinal cord injury.
Using this approach, the aim was to derive a new equation for calculating mean body
temperature in subjects with spinal cord injury. It is suggested that this derivation provides
a more valid, indirect index of thermoafferent drive in people who, through spinal cord
injury, experience reduced total thermoafferent flow.
Additionally, the site of core temperature measurement may also be affected by spinal cord
injury. Differences between various core temperature sites in able-bodied subjects is well
established, with oesophageal temperature being lower than rectal temperature at rest and
in steady-state exercise, and generally providing a more rapid response compared to rectal
temperature (Saltin and Hermansen, 1966). Auditory canal temperature is somewhat
affected by ambient temperature (McCaffrey, 1975) unless actively insulated with a servocontrolled device (Keatinge and Sloan, 1975). There are limited data on the site of core
temperature measurement with respect to subjects with spinal cord injury. Such people
have impaired vasomotor tone to insensate areas, and a lower resting metabolic rate
(Marcus, 1973a; McCaffrey, 1975), both of which may alter the temperature of venous
blood returning from the lower limbs to the pelvis and heart, and may affect the response of
rectal temperature relative to other sites of core temperature measurement. One study
examined the relationship between oesophageal and rectal temperature in five subjects with
spinal cord injury during upper-body exercise, indicating that the absolute increase in rectal
temperature was unexpectedly small with respect to changes in other variables reflecting
physiological strain (Marcus, 1973a; McCaffrey, 1975). Whereas, other studies have
simply utilised rectal temperature as supposedly ‘the gold standard’ (Chu and Burnham,
1995). No previous studies identified have utilised three different indices of core
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temperature under tightly controlled conditions, utilising both participants with and without
spinal cord injury exposed to a broad range of thermal stress.
Modifying conventional mean body temperature equations, and utilising appropriate sites
of core temperature measurement to more accurately reflect thermoafferent drive in people
with spinal cord injury has important implications, including: improving our understanding
of the ability of people with spinal cord injury to thermoregulate; guiding future research
on spinal cord injury to more accurately represent body temperature in thermoregulatory
control; permitting additional insight into (interpretation of) the findings of previous
research on subjects with spinal cord injury; and enhancing our knowledge on basic
principles of body temperature measurement and its relationship to able-bodied
thermoregulation.

2.2.1 Hypotheses
1. Conventional mean body temperature equations derived from able-bodied subjects will
overestimate the afferent drive for thermoregulation in subjects with spinal cord injury.
2. Assigning a constant temperature to insensate tissue will minimise this overestimation.
3. Rectal temperature will be differentially affected by various ambient conditions in
subjects with spinal cord injury when compared to both oesophageal and auditory canal
temperature.

2.3 METHODS
2.3.1 Subjects
Nine people (seven males, two females: 41.3 y (SD 3.6); 73.1 kg (SD 6.1)) with clinicallyconfirmed, complete spinal cord injury (C4 to L5), and 10 matched, able-bodied males
(33.1 y (SD 2.2), P=0.07; 78.8 kg (SD 2.8), P=0.35) participated in resting thermal stress
trials. Core and skin temperatures were first measured in the thermoneutral state (all
subjects; N=19), then moved below (subjects with spinal cord injury N=4; able-bodied
N=4) and above (N=19) that state. Spinal cord injuries were verified as clinically complete
by the absence of sensory and motor function below the injury (specialist physician; see
below), each subject had experienced the injury more than 5 years prior to testing (mean 17
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y, range 5 to 32 y), and each received a medical examination before testing, in accordance
with the International Medical Society of Paraplegia (Maynard et al., 1997). All
experimentation conformed to the ethical clearances granted by the Human Research Ethics
Committee of the University of Wollongong. Accordingly, subjects were informed of the
purposes and demands of the experiments, and were given opportunity to discuss these,
before providing informed consent of participation.
Clinical examination by a specialist physician to determine the degree of spinal cord injury
has been shown to be a highly reliable measure when undertaken by a trained examiner
(Ditunno et al., 1997), and forms the basis of confirming a complete spinal cord injury for
similar studies on thermoregulation in spinal cord injury (Downey et al., 1976; Silver et al.,
1991; Petrofsky, 1992).

2.3.2 Procedures
Subjects rested semi-nude (supine) in a climate-controlled chamber, wearing a whole-body,
water-perfusion suit, permitting both the modification and clamping of core and skin
temperatures (Cotter et al., 1995a). Three conditions were investigated: thermoneutral
(climate chamber at 27.9°C; water at 28.1°C); hot (38.5°C; water at 38.8°C) and cool
(11.5°C; water at 7.9°C). Black globe temperatures were consistently within 0.3°C of dry
bulb temperatures. Subjects were first equilibrated (15 min) to the thermoneutral state: air
temperature = 27.9°C (SD 1.1; 50.7% relative humidity, SD 7.7), water-perfusion
temperature = 28.1°C (SD 0.4) before baseline data were collected for 15 min. Then one of
two thermal treatments was applied. For 11 subjects (six able-bodied and five with spinal
cord injury), the climate chamber and perfusion suit temperatures were ramped upwards
(38.5°C (SD 0.5); 38.5% relative humidity (SD 11.8); 38.8°C (SD 0.5)), to provide a stable
thermal load, that was then maintained for 120 min, or until volitional trial termination. For
eight subjects (four able-bodied and four with spinal cord injury), a cooling phase (44 min)
followed the thermoneutral state, and preceded this heating, with air and water
temperatures ramped down (11.5°C (SD 1.0); 43.1% relative humidity (SD 1.4); 7.9°C (SD
0.2)), and clamped for 44 min (SD 4.5). Heating was then applied to elevate and clamp
body temperature for a further 120 min (as above). The purpose of this cooling-heating
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treatment was to facilitate a comparison of the responses of three core temperature indices,
as well as skin temperatures, between the able-bodied and spinal cord injured subjects.
Subjects were instructed to refrain from alcohol, caffeine, tobacco and strenuous exercise,
and to consume at least one litre of water and an otherwise normal diet for the 24 h
preceding experimentation. All trials were performed at the same time of day within
subjects. Subjects with spinal cord injury required additional standardisation procedures. A
medication history was obtained from all subjects. Oxybutynin, a drug with anticholinergic effects, commonly used in spinal cord injury to prevent detrusor spasms, was
the only medication being used likely to affect physiological responses, and was therefore
restricted for 48 h prior to experimentation. To minimise autonomic dysreflexia, and
resultant non-thermal sweating, subjects emptied both the bladder and bowel immediately
before each trial. To minimise pressure-induced ischaemia, subjects rested on a dry
floatation cushion (ROHO Inc., Belleville, IL. U.S.A.). The positioning of tubing and
cables between the subject and floatation cushion was generally avoided, and subjects were
regularly moved to reduce local pressure effects. These precautions minimised the
incidence and severity of spasms in subjects with spinal cord injury during a trial.
Nevertheless, data from periods of pressure relief or muscle spasm, and the ensuing 5 min,
were excluded from analysis.

2.3.2.1 The Water-Perfusion Suit
The water-perfusion suit was built by Dr Paul Webb, and is a modification of his openlatticework design, which is employed within calorimetry studies (Webb et al., 1972;
Webb, 1985). The perfusion suit consists of a long-sleeved jacket and trousers, each made
from 1-m lengths of polyvinyl tubing (Tygon®; I.D.=1.58 mm, O.D.=3.0 mm) arranged in
parallel. The tubing was clipped together at 8-cm alternate intervals to form a diamondshaped lattice, with 15 tubes forming each arm, 25 tubes for the torso section, and 25 tubes
for each leg. The lattice design maximised convective and radiative exchange with the
environment, and when used with a climate chamber, clamped skin and core temperatures
for >180 min, whilst maximising evaporative cooling (Cotter et al., 1995b; Cotter and
Taylor, 2005).
42

The use of solely 1-m lengths of tubing ensured uniformity of flow through the suit. This
flow uniformity was previously verified using video analysis of the wash-through pattern
of a bolus of dye. Water was supplied to the suit at a rate of approximately 2.2 l⋅min-1, via
the bottom of the torso, arms and legs, from a 38-litre water bath (type ZD, Grant
Refrigeration Systems, U.K.) with the standard heater and pump unit (type VFP, Grant
Refrigeration Systems, U.K). Water was returned to the bath via the top of the legs and
torso, and was thermostatically regulated using the heater unit in combination with a
refrigeration unit (type CK, Grant Refrigeration Systems, U.K).

2.3.3 Measurements
Core temperature was measured continuously from the oesophagus (Mekjavic and Rempel,
1990) (Edale instruments Ltd., Cambridge, U.K.), the rectum (10 cm beyond anal
sphincter; Edale instruments Ltd., Cambridge, U.K.) and the auditory canal (insulated;
Edale instruments Ltd., Cambridge, U.K.). Every able-bodied subject provided data for
each core temperature index, but this was not possible for all subjects with spinal cord
injury. Oesophageal temperature was obtained in eight, rectal temperature in seven, and
auditory canal temperature in all nine of those subjects. Mean core temperature was
calculated as the average of oesophageal and rectal temperatures only because of the effect
of ambient temperature on auditory canal temperature (Marcus, 1973b; McCaffrey et al.,
1975).
Skin temperatures were measured from 14 sites (9 upper- and 5 lower-body; Type EU,
Yellow Springs Instrument Co. Inc., Yellow Springs, OH, U.S.A.), with mean skin
temperature in the able-bodied subjects taken as an area-weighted average of all 14 sites
(ISO, 1992). All temperature data were sampled at 0.2 Hz using a data logger (1206 Series
Squirrel, Grant Instruments Pty Ltd., Cambridge, U.K.). Thermistors were calibrated
against a certified reference mercury thermometer (±0.05°C: Dobbie Instruments, Dobros
total immersion thermometer, Australia), using 3°C increments across the range 14 to
47°C, in a stirred water bath. Core temperature thermistors were calibrated from 32 to
41°C.
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In subjects with spinal cord injury, the number of sensate skin temperature measurement
sites varied, generally ranging 7-9, however in the quadriplegic subjects (N = 3), as few as
two skin temperatures were included. Thus, for the spinal cord injured group, mean skin
temperature was calculated using four different methods. First, all 14 skin temperatures
were used, independently of thermoafferent connections, with conventional area-weighted
coefficients used to derive mean skin temperature (ISO, 1992). Second, following the
procedure of Tam et al. (1978), only skin temperatures from the sensate skin sites were
used to derive mean skin temperature, with the ISO coefficients for these sites re-weighted
(summed to unity). Third, all 14 skin temperatures, and the area-weighted coefficients were
used Tam et al. (1978; ISO, 1992), but data from the insensate skin sites were omitted, and
replaced with an unchanging (constant) temperature across each trial (thermoneutral:
34°C). This procedure was designed to represent the absence of thermoafferent flow, with
the assigned temperature being the whole-body, mean skin temperature of the able-bodied
subjects. The mean body temperature calculations obtained using a constant for insensate
skin was used as possible indicators of thermoafferent flow. The first method for
calculating mean body temperature is appropriate for quantifying whole-body thermal
energy content, while the second and third derivations were used to obtain an indication of
how changes in local tissue thermal energy content may modify thermoafferent flow from
sensate skin sites. Finally, mean skin temperatures were derived using the sudomotor
thermosensitivity weighting coefficients recently proposed by Cotter and Taylor (2005).
Mean skin temperature = Tface*0.14 + Tchest*0.08 + Tabdomen*0.13 +
Tback*0.28 + Tarm*0.07 + Tforearm*0.04 + Thand*0.02 + Tthigh*0.12 + Tleg*0.10
+ Tfoot*0.02
This equation was suggested as a provisional equation that may provide a more realistic,
first-level approximation of cutaneous thermoafferent flow in able-bodied people. Mean
body temperature was calculated from core and skin temperatures using a conventional
ratio (0.8(core)+0.2(skin))(Sugenoya and Ogawa, 1985). Sixteen separate mean body
temperature derivations were obtained using each of four core temperature indices
(oesophageal, rectal, auditory canal and mean core), in combination with the four separate
mean skin temperature calculations. For the purpose of subsequent comparisons, the
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derivation of mean body temperature using a core temperature index with each of 14 skin
temperatures will be referred to as the conventional equation, which more-or-less quantifies
the whole-body thermal energy content.

2.3.3.1 The multi-site sweat system
Two multi-site sweat monitors were constructed (Engineering Solutions Ltd., Sydney,
Australia), allowing sweat rate to be sampled from six ventilated sweat capsules
simultaneously. A low humidity air-stream is passed across a discrete skin region, at a
known flow, and the resultant increase in water vapour mass is quantified. The airflow
prior to the skin surface contains a known, minimal water mass, which is generated by
passing the air initially across a hygroscopic, saturated salt solution, at known temperature.
The water mass of the airstream is elevated upon contact with the skin surface, and the
humidity and temperature of the effluent air is sampled after adequate mixing, thereby
allowing determination of the new water mass. The humidity sensor is a capacitance
hygrometer (MiniCap 2, Panametrics Pty. Ltd., Gymea, Australia). The following equation
was used to quantify sweat rate (Graichen et al., 1982), for each of the six parallel
channels:
Sweat excretion rate = ((rhpost⋅PH2Opost⋅V post / 100⋅Tpost⋅k) - (rhpre⋅PH2Opre⋅V pre / 100⋅Tpre⋅k)) ⋅1000 /A

where:

sweat excretion rate (mg⋅cm-2⋅min-1),
pre and post = specific loci, before and after the capsule, respectively,
rh = relative humidity of air (%),
PH2O = partial pressure of water vapour, if air is 100% saturated (mmHg),
- = airflow through the airline (l⋅min-1
V
),
k = 3.464 = water vapour gas constant (mm Hg⋅l⋅g-1⋅K-1),
T = temperature of air (K),
1000 = conversion of grams to milligrams, and
A = area of skin under the sweat capsule (3.16 ±0.05 cm2).
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Since the airlines were sealed, airflow through the airline was equivalent before and after
the capsule, and was measured only once per channel. Of the variables required for the
calculation of sweat excretion rate, the sweat monitors provided rhpost, Tpost and Tpre,
whereas rhpre and airflow through the airline (Platon rotameters, Duff and MacIntosh,
Sydney, Australia) were pre-determined.

2.3.3.2 Sweat system calibration
The system's thermistors were calibrated with a certified thermometer, prior to calibration
of hygrometers. Hygrometers were calibrated using a series of known humidities, which
were generated from saturated solutions. Two saturated solution standards (lithium chloride
[~11.0%] and sodium chloride [~76%]) were used, chosen partly for the stability of their
relative humidity versus temperature relationship. The placement of these solution
standards either outside or within the climate chamber, allowed up to four calibration
humidities to be obtained at the hygrometers.

2.3.3.3 Sweat expulsion frequency
Counting the frequency of sweat expulsions provides a direct measure of the central drive
for sweating (Sugenoya and Ogawa, 1985; Sugenoya et al., 1990), and was used in the
current project as a surrogate index of sympathetic activity (Sugenoya and Ogawa, 1985).
Sweat expulsion frequency (fsw) generally increases from less than 5 expulsions per minute
during resting thermoneutrality (Ogawa and Bullard, 1972), to ~28 - 40 expulsions per
minute during severe thermal and exercise stress (Yamazaki et al., 1991). The expulsions
are indicated by sweat rate peaks, and are more easily observed using a high sampling
frequency (e.g. 5 Hz) with minimal lag between the intra-capsular skin and the hygrometer.
The procedure used in our laboratory is to use a high-pass filter to block the DC component
of the hygrometer output; this procedure was developed and piloted by the candidate in
conjunction with technical electronics staff. When combined with an increase in the
humidity gain setting at the monitor, this allows amplification of the AC component of the
hygrometer response, so that the small changes in humidity are amplified and recorded,
rather than the humidity itself. This is analogous to deriving the instantaneous sweat rate,
except that it is done at the front end of the system (i.e. prior to electrical processing), and
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is therefore less susceptible to electrical interference encountered during signal processing
at the monitors. The technique involves a sweat capsule (3.16 cm2; Clinical Engineering
Solutions, Australia) glued to the skin to eliminate pressure artefacts (Ogawa and Bullard,
1972) (Figure 2.1), allowing sampling of the effluent capsular humidity with minimal
dampening of the humidity oscillations generated by sweat expulsions. This is achieved by
positioning the hygrometer perpendicular to the airstream, as close as possible to the
capsule (~5 cm). These data were converted to a digital output and recorded at 5 Hz
(DAS1602, MetraByte Corp, MA, U.S.A.). The air flow for these channels was large
enough to flush the sweat capsule rapidly, yet also low enough to maximise the humidity
change at the hygrometer. Thus, the rotameters for sweat expulsion frequency have larger
bores (range 0.1-1.2 l⋅min-1).
The raw sweat expulsion frequency output is subsequently analysed using software to filter,
and then to isolate, the timing and magnitude of each sweat expulsion, enabling the
determination of sweat expulsion frequency (Labview, Version 7, National Instruments
Corporation, TX, U.S.A)(Figure 2.2). The software development for this analysis was the
responsibility of the candidate. This program was designed to analyse the data more
efficiently and remove subjectivity by applying an objective determination of both the
timing and magnitude of each sweat expulsion. In brief, the program determined sweat
expulsion frequency (expulsions⋅min-1) using the following criteria:
(a) A 5-min baseline period (i.e. when the capsules are attached to non-sweating
skin) for the purpose of estimating the magnitude of noise.
(b) The noise is then defined as any oscillations which do not exceed ±4 standard
deviations from the mean signal. However, as the signal to noise ratio increased
with increased sweat rate, the threshold for isolating sweat expulsion peaks was
also increased slightly. That is, baseline noise resulted in a peak noise magnitude
threshold (i.e. 4 standard deviations for the mean signal) less than 10 bits (of a 4096
channel range), whereas sweat expulsions generally exceeded 50-100 bits
(depending on sweat rate), therefore as sweat rate and the magnitude of sweat
expulsions increased, the threshold for isolating sweat expulsion peaks also
increased, minimising the potential effect of non-physiological data on sweat
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expulsion frequency. More specifically, each 50-bit increase in sweat expulsion
peak magnitude increased the noise threshold by 10%.
(c) This noise amplitude was then used as a criterion value, against which the data
from the sweating periods were compared. Additionally, sweat expulsions
occurring within one second of the previous sweat expulsion (i.e. equivalent to 60
sweat expulsions per minute, which exceeds the maximal estimated sweat
expulsion frequency of approximately 40)(Yamazaki et al., 1991), were considered
non-physiological (i.e. noise) and were also excluded.
(d) The exact time and magnitude of each peak in humidity was subsequently
isolated and saved to a separate file by the computer program.
(e) The number of peaks were then calculated within each minute of recording to
provide expulsions per minute.
(f) The analysis program was rigorously assessed against manual sweat expulsion
peak identification and was considered at least equivalent, if not more accurate, and
was more time efficient.

2.3.4 Analyses
Data were analysed using three-way analysis of variance for both core and mean skin
temperature comparisons, using the independent variables of subject group, measurement
site and thermal state. Significant differences were isolated using Tukey's HSD post hoc
analysis. The sensitivity of the sweat expulsion frequency response, relative to changes in
mean body temperature was determined, and differences in thermosensitivity between
subject groups were evaluated using an unpaired t-test. Pearson Product-Moment
correlation analyses were performed with skin and core temperature calculations. Statistical
significance was accepted for obtained probabilities <0.05, and experimental data are
presented as means with standard errors of the means (±), unless stated otherwise (SD).
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Figure 2.1: Ventilated sweat capsule glued to the surface of subject during heat stress
showing both an inlet and outlet to the sweat capsule (3.16cm2), which is glued to the skin
surface.
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Figure 2.2: Small excerpt of the sweat expulsion frequency analysis program written using
Labview (Version 7, National Instruments Corporation, TX, U.S.A), emphasising a
predominantly icon based programming language (note: Image rotated left 90°).
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2.4 RESULTS
The current experimental design resulted in a stable baseline body temperature prior to
thermal treatment (comparison from first minute with last; P=0.87). The perfusion suit and
chamber provided the means through which substantial thermal stimuli were applied,
whilst optimising evaporative heat loss. During the heating phase, the average change in
mean body temperature (conventional equation), from the thermoneutral state to the end of
heating, was 1.7°C (SD 0.14) in subjects with spinal cord injury, and 1.2°C (SD 0.08;
P=0.01), for the able-bodied subjects. For cooling, the corresponding mean body
temperature changes were -2.27°C (SD 0.34) and -2.67°C (SD 0.12; P=0.28), respectively.
Three significant outcomes were evident concerning the core temperature indices. First, as
expected, rectal temperature in the able-bodied group exceeded both oesophageal (P=0.02)
and auditory canal temperatures (P<0.01) under thermoneutral conditions (Figure 2.3).
However, within the spinal cord injured group, there were no differences among these
indices for this experimental phase (P=0.26; Figure 2.3). Second, during the heating phase,
between-site temperature differences among the core indices were reduced in both groups
(Figure 2.3). In the subjects with spinal cord injury (during heating), oesophageal
temperature was lower than rectal temperature (P<0.01). Nevertheless, the within-group
correlations between the core temperature indices remained high for these subjects, across
the three thermal states (oesophageal versus rectal, r2=0.93; oesophageal versus auditory
canal, r2=0.93; auditory canal versus rectal, r2=0.92). Third, between-group comparisons of
core temperature, across the three experimental conditions, revealed significantly lower
rectal temperatures in the subjects with spinal injury (P<0.01), even though the thermal
load was identical, but neither oesophageal (P=0.26) nor auditory canal temperatures
differed from those observed in the able-bodied subjects (P=0.16). Similarly, only rectal
temperature was significantly lower in subjects with spinal cord injury at baseline (P<0.01).
There was also a group by thermal state interaction (P<0.01) indicating greater changes in
core temperature for subjects with spinal cord injury.
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Figure 2.3: Core temperatures measured at the oesophagus, rectum and auditory canal in
subjects with spinal cord injury and able-bodied subjects, during resting exposures (supine)
to three thermal states: neutral (30 min; air: 27.9°C; perfusion suit: 28.1°C), cool (44 min;
air: 11.5°C; perfusion suit: 7.9°C) and hot (120 min; air: 38.5°C; perfusion suit: 38.8°C).
Data are means, with standard errors of the means, for the last minute of each exposure.
Significant differences (P<0.05) are indicated as: † (relative to oesophageal temperature);
and ‡ (relative to rectal temperature).
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During the neutral and cooling conditions, local skin temperatures of the insensate sites for
the subjects with spinal cord injury were lower than the corresponding temperatures in the
able-bodied group (P=0.02 and P=0.03, respectively). However, this was not the case for
sensate sites (neutral: P=0.93; cold: P=0.49). During heating, there were no between-group
differences for either the sensate or insensate skin sites (P=0.64 and P=0.63)(Figure 2.4).
Raw sweat expulsion frequency from one able-bodied participant is illustrated in Figure
2.5. Forehead sweat expulsion frequency for both groups is illustrated for the heating trial,
relative to mean body temperature (Figure 2.6). The latter data reflect the thermoregulatory
error signal (Sugenoya and Ogawa, 1985) and thus formed the basis of subsequent
correlations with derivations of mean body temperature and mean skin temperature to
examine between-group differences in thermoafferent flow. Strong correlations between
sweat expulsion frequency and these derived tissue temperatures were interpreted to
indicate that such calculations might have a high probability of reflecting thermoafferent
flow.
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Figure 2.4: Area-weighted mean skin temperature for the upper- and lower-body in subjects
with (N=9), and without spinal cord injury (N=10), during resting exposure to neutral (30
min; air: 27.9°C; perfusion suit: 28.1°C), cool (44 min; air: 11.5°C; perfusion suit: 7.9°C;
N=4 each group
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Figure 2.5: Raw sweat expulsion frequency data recorded simultaneously from the forehead
and foot of one able-bodied subject 68.5 min into a 120-min resting supine heat exposure
(air: 38.5°C; perfusion suit: 38.8°C). Sweat expulsion peaks have been isolated using a
computer program and are represented on this figure at an arbitrary y-value of 1200 (●
sweat expulsion at forehead, ∆ sweat expulsion at foot). Note the synchrony between both
sites with a small delay between a peak at the forehead and foot, which is related to
addition distance for the central impulse to reach the foot, relative to the head.
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Figure 2.6: Forehead sweat expulsion frequency relative to mean body temperature
(Equation 6, Table 2.1) for subjects with spinal cord injury and able-bodied subjects,
during a resting, supine heat exposure (120 min; air: 38.5°C; perfusion suit: 38.8°C).
Individuals are represented by different symbols, and least-squares, best-fit regression
lines. Stratification is due to sweat expulsion frequency being recorded in whole units.
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An evaluation of the sensitivity of thermoeffector function was obtained by expressing
forehead sweat expulsion frequency relative to changes in mean body temperature. When
using a conventional mean body temperature derivation (Equation 13, Table 2.1), the
sudomotor sensitivity of the able-bodied group was 8.8 expulsions.min-1.°C-1 (±1.2; Figure
2.7). The corresponding sensitivity (Equation 13) for subjects with spinal cord injury was
50% lower (P=0.03). However, when the insensate skin sites were assigned a constant,
neutral temperature (Equation 16, Table 2.1), sudomotor sensitivity was markedly greater,
and not significantly different from that of the able-bodied subjects (P=0.47; Figure 2.7).
Another aim of this project was to evaluate the utility of several mean body temperature
indices in accounting for variances in sweat expulsion frequency across the two subject
groups, on the basis of differences in projected thermoafferent flow. Sixteen mean body
temperature derivations were analysed. The strongest relationship was found for the
combination of mean core temperature and mean skin temperature (derived using a
constant temperature for the insensate skin sites; Equation 16). Thus, for subjects with
spinal cord injury, more than 65% of the variance in our analogue of afferent flow (sweat
expulsion frequency) could be explained on the basis of changes in mean core and sensate
skin temperatures. The poorest relationship for these subjects was evident when the
conventional equations were applied (Table 2.1; Equations 1 and 13).
Of the four mean skin temperature derivations used for the group with spinal cord injury,
the conventional equation, and also the calculations of Tam et al. (1978) and Cotter and
Taylor (2005) resulted in significantly lower estimations of thermosensitivity (Table 2.1
and Figure 2.7; P<0.05). That is, there was a probable over-estimation of thermoafferent
flow, in the presence of an absolute reduction in the sudomotor response. However, this
trend was not evident when the insensate skin sites were assigned a constant, neutral
temperature (zero afferent flow: P=0.47).
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Table 2.1: Correlations between forehead sweat expulsion frequency and mean body
temperature, in able-bodied and spinal cord injured subjects, during a resting, supine heat
exposure (120 min; air: 38.5°C; perfusion suit: 38.8°C). Correlations marked with an
asterisk are significantly different from those obtained using a constant temperature for
each of the insensate skin sites (P<0.05; equations 4, 8, 12, and 16).
Equation

Correlation:

Correlation:

able-bodied

spinal injury

Conventional:14 sites (ISO)

0.85

0.78*

2

Cotter and Taylor (2005)

0.85

0.78*

3

Sensate sites only

N/A

0.80*

4

14 sites (constant insensate)

N/A

0.83

Conventional:14 sites (ISO)

0.84

0.78*

6

Cotter and Taylor (2005)

0.84

0.78*

7

Sensate sites only

N/A

0.79*

8

14 sites (constant insensate)

N/A

0.82

Conventional:14 sites (ISO)

0.82

0.74*

10

Cotter and Taylor (2005)

0.83

0.75*

11

Sensate sites only

N/A

0.76*

12

14 sites (constant insensate)

N/A

0.83

Conventional: 14 sites (ISO)

0.85

0.78*

14

Cotter and Taylor (2005)

0.86

0.77*

15

Sensate sites only

N/A

0.79*

16

14 sites (constant insensate)

N/A

0.84

1

5

9

13

Core temperature

Oesophageal

Auditory canal

Rectal

Mean core

Mean skin temperature

Notes: Mean body temperature derivations were obtained using the core temperature
indices weighted at 0.8, and three mean skin temperature derivations (weighted at 0.2): (i)
the conventional, 14-site calculation (ISO, 1992); (ii) the sensate skin sites only, with the
ISO coefficients for these sites re-weighted to sum to unity (Tam et al., 1978); (iii) the 14site calculation, but with insensate skin sites assigned a constant (34°C) thermoneutral
temperature, representing an absence of thermoafferent flow; and (iv) 14-site calculation
utilising revised weightings (Cotter and Taylor, 2005).
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Figure 2.7: Sudomotor sensitivity in spinal cord injured (N=9) and able-bodied subjects
(N=10) during a resting, supine heat exposure (120 min; air: 38.5°C; perfusion suit:
38.8°C). Thermosensitivity is defined as the ratio of sweat expulsion frequency to the
change in mean body temperature, derived using Equations 13 (Table 2.1; able-bodied
subjects), and Equations 16, 15 and 13 (Table 2.1; spinal cord injured subjects). Data are
means with standard errors of the means. Significant differences from the able-bodied
subjects are indicated as: † (P<0.05).
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2.5 DISCUSSION
In the present study, core and skin temperatures were carefully manipulated and
physiological artefacts, typically seen in subjects with spinal cord injury, were minimised.
Subsequently, this study has shown that conventional mean body temperature equations
overestimate thermoafferent flow in people with spinal cord injury. This finding was
extended by deriving a new equation which more accurately reflects the drive for
thermoregulation in subjects with a chronic reduction in the area of sensate skin. The
current experimental design has also shown that rectal temperature in subjects with spinal
cord injury does not follow trends previously established in able-bodied subjects, and this
was not the case for oesophageal and auditory canal temperature, although these were also
more unstable than in able-bodied subjects.
Based on the assumptions that sweat expulsion frequency reflects thermoefferent flow
(Ogawa and Bullard, 1972; Sugenoya et al., 1990), and that thermoefferent flow is
proportional to thermoafferent input (Sugenoya and Ogawa, 1985; Sugenoya et al., 1990;
Yamazaki et al., 1992), it was hypothesised that the conventional mean body temperature
derivation would over-estimate thermoafferent drive for thermoregulation in people with
spinal cord injury. This hypothesis was supported by showing that spinal cord injured
subjects had a much reduced thermoefferent drive (sweat expulsion frequency), for any
level of heat storage, as reflected by the conventional mean body temperature (Equation 1,
Table 2.1). It is assumed that this resulted from less thermoafferent flow. This same trend
was evident in Figure 2.7, where, for an equivalent elevation in mean body temperature,
these subjects demonstrated a 50% lower sudomotor thermosensitivity when mean body
temperature was derived using this conventional method. On the basis of these
observations, the first hypothesis was accepted.
It is widely recognised that both direct and indirect calorimetry are superior methods to
thermometry for determining whole-body thermal energy content (heat storage)(Snellen,
1966; Vallerand, 1992). However, thermometric methods become more valid estimates
when thermal transients and internal heat fluxes are minimised (Snellen, 1966; Webb et al.,
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1972). This requirement was well satisfied by completion of the current thermoneutral and
hot trials. Thus, an attempt to seek an alternate means for indirectly approximating
thermoafferent drive, based upon a thermometrically-derived mean body temperature,
appeared to be justified.
The current observations have shown that the derivation of mean body temperature using
equations developed for able-bodied subjects, or using a re-weighting of the sensate skin
regions (Tam et al., 1978), over-estimates thermoafferent flow in subjects with spinal cord
injury. Assuming that insensate regions do not contribute to sudomotor drive, the current
study used the conventional mean body temperature equation, in combination with 14 skin
temperature sites, to provide an alternative mean body temperature index for subjects with
spinal cord injury (Equations 4 and 16, Table 2.1). For these calculations, insensate skin
temperatures were assigned a common and constant (neutral) temperature (34°C). Use of
this equation should therefore be considered when insensate skin sites are included in
derivations of mean body temperature, notwithstanding the number of these sites. This
approach is based on two key principles. First, a constant temperature was used to reflect
an absence of thermoafferent flow from these sites, even though local tissue temperatures
may be changing. Second, the literature appears not to contain evidence supporting the
possibility that the loss (or ablation) of thermosensitive tissues will result in a centrallymediated re-weighting of the thermoafferents arising from the remaining sensate sites.
Such an assumption is, however, implicit in the method adopted by Tam et al. (1978).
The value of the constant for insensate skin temperature was based on several factors. First,
a constant of 34°C also coincides with whole-body mean skin temperature of our control
subjects. Second, the average lower-body temperature of our control subjects was 32°C.
Finally, direct neuro-physiological measurement of cold and warm receptors indicate an
overlap around 36°C (Hensel and Iggo, 1971; Kenshalo and Duclaux, 1977), which
represents the region of minimal cumulative discharge of both warm and cold receptors.
Therefore, a value of 34°C was considered a neutral value representing a combination of
the theoretical neuro-physiological quiet zone, and the skin temperatures observed in this
study.
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Representing changes in body temperature for subjects with spinal cord injury using
traditional equations incorporates changes in temperature from areas that do no contribute
to thermoafferent flow and subsequent thermoefferent activity. It has been shown in this
project that applying conventional body temperature equations to subjects with spinal cord
injury under heat stress overestimates their response, as would be expected given that they
have large areas of tissue that are not increasing thermoafferent load with increasing
temperature. i.e. subjects with spinal cord injury increased sudomotor activity by only 4
expulsion per minute for each 1°C change in body temperature (with conventional
equation), whereas able-bodied had double this increase, at 9 expulsion per minute for each
1°C increase in body temperature. The likely reason for this reduced thermoefferent
(sudomotor) response is that they are receiving less thermoafferent stimulus. Additional
support for a reduced thermoafferent input comes from the current project where applying a
constant insensate tissue temperature (reflecting the absences of thermoafferent from these
tissues), essentially corrected for this under-represented thermoafferent to efferent
relationship (i.e. central sudomotor activity).
The current modification of the method for deriving mean body temperature resulted in a
stronger correlation of mean body temperature with sweat expulsion frequency (Table 2.1),
and an adjustment of sudomotor thermosensitivity to be equivalent to that of the ablebodied subjects (Figure 2.7). Sweat frequency data reflect the size of the thermoregulatory
error signal. This error does not represent the overall change in body temperature, but the
expression of that change in the form of a central integration of thermoafferent flow from
the sensate thermosensitive tissues. Thus, an externally-heated, insensate limb can only
contribute to the thermoregulatory error signal when heat from that limb reaches intact,
thermosensitive tissues. It is recognised that no allowance has been made for the loss of
spinal and other potential deep-body thermoafferent signals. Nevertheless, the current
subjects with spinal cord injury now appeared to display a sympathetic (sudomotor) drive
equivalent to that of the able-bodied group, for a given change in heat content applied to
the functional thermosensitive tissues. That is, the reduced sweat response in these subjects
was proportional to the reduction in thermoafferent drive. This is an entirely predictable,
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yet nonetheless practical observation, since it is known that people with spinal cord injury
have a reduced ability to thermoregulate (Randall et al., 1966; Normell, 1974; Attia and
Engel, 1984; Petrofsky, 1992), there is now evidence that this state is not only due to
impaired thermoeffector function, but is also associated with a reduction in thermoafferent
flow.
A secondary focus of this project was to evaluate core temperature measurement in subjects
with spinal cord injury. Lower rectal than oesophageal and auditory canal temperatures
were observed in the thermoneutral and cool conditions, with a higher rectal than both
oesophageal and auditory canal during heating, for resting subjects with spinal cord injury,
reversing the pattern typically reported for able-bodied subjects (Cranston et al., 1954;
Marcus, 1973a). Gass et al. (1988) previously reported a lower rectal than oesophageal
temperature during upper-body exercise. In our subjects, this similar result may be
attributable to the insensate areas behaving like a heat exchanger such that during exposure
to environmental conditions where insensate regions are cooler than core, rectal
temperature is lower than other sites of core temperature measurement (e.g. oesophagus
and auditory canal), and when insensate regions are hotter than core, rectal temperature is
higher than other sites (Figure 2.3, Figure 2.4). This finding was supported in the current
trial where able-bodied subjects’ rectal temperature was higher than both oesophageal and
auditory canal temperature in the neutral and cold exposures, but this was not the case in
subjects with spinal cord injury, where rectal temperature was not different to either
oesophageal or auditory canal temperature. Furthermore, for able-bodied subjects in hot
conditions, rectal temperature was equivalent to both oesophageal and auditory canal
temperatures, but again this was not the case for subjects with spinal cord injury, where
rectal temperature was higher than both oesophageal and auditory canal temperatures
(Figure 2.3).
These findings correlate to insensate skin temperature findings, however the absence of a
thermoefferent innervation for vasoconstriction to insensate regions during cooling may
have been expected to result in reduced vasoconstriction and consequently warmer
insensate skin temperatures, when compared with able-bodied subjects. The mechanism for
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this finding is unclear and requires further investigation, however it may relate to locally
mediated vasoconstriction or a reduced insensate metabolism contributing to lower
insensate tissue temperatures (Monroe et al., 1998). Similarly, the precise mechanism for a
differential effect on core temperature indices when compared to able-bodied subjects was
not investigated, but may result from the lack of vasomotor tone to insensate areas with
subsequent alterations in the temperature of venous blood returning from the lower limbs to
the pelvis and heart. Alternatively, it may be related to a lower heat production from
insensate tissue; a lower 24-h energy expenditure, reduced spontaneous physical activity
and lower resting metabolic rates (Monroe et al., 1998), or from altered control of arterial
blood flow to the rectum, since this site is innervated by sympathetic (L1-3),
parasympathetic (S2-4), and somatic (S2-4) nerves exiting the spinal-cord; below the level
of spinal cord injury in the majority of the current subjects. Thus, it is recommended that
rectal temperature measurements in subjects with spinal cord injury be treated with caution,
and where possible, be substituted by either the oesophageal or auditory canal indices.
Aural temperature appeared to be more influenced by ambient temperature than did both
rectal and oesophageal temperature, which is in support of previous literature (Marcus,
1973a; McCaffrey, 1975). However, this contamination of auditory canal temperature was
not greater in subjects with spinal cord injury. Some additional considerations when
measuring core temperature in subjects with spinal cord injury are the possibility of
pressure sores from the rectal thermistor cable contacting pressure sensitive areas over the
sacrum and coccyx, the ability of subjects to be able to insert the rectal probe
independently, and for many subjects their last experience of a tube being inserted into the
oesophagus through the nose, was a nasogastric tube acutely after traumatic spinal cord
injury, which may evoke negative emotions associated with its use, and was indicated as
the primary reason for refusing oesophageal temperature by one subject in the current
project.
In conclusion, it appears that while the conventional derivation of mean body temperature
may adequately reflect whole-body heat storage, it results in a substantial over-estimation
of the thermoafferent drive likely to exist in subjects with spinal cord injury. Such subjects
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require a greater quantity of stored heat to elicit comparable thermoeffector responses.
However, whilst people with spinal cord injury have a reduced total thermoafferent flow,
they appear to have equivalent thermosensitivity when effector responses are normalised to
temperature changes occurring within the sensate tissues. Core temperature was also less
stable in spinal-cord individuals and was poorly represented by the rectal index. It is
therefore recommended, when mean body temperature is being derived as an index of
thermoafferent flow, that rectal temperature be avoided, and the values for the insensate
skin sites are not re-weighted, but are instead assigned a constant (neutral) skin
temperature.
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CHAPTER 3
THERMOREGULATION FOLLOWING SPINAL CORD INJURY

3.1 ABSTRACT
Background: Whole-body thermal and non-thermal sweating has been reported in subjects
with spinal cord injury. It was hypothesised that an isolated spinal cord could not initiate or
modulate thermal sweating below the site of a complete spinal cord injury. However, it was
predicted that compensatory sweating increases would occur above the injury. Methods:
Subjects with (C4 to L5; N = 9), and without spinal cord injury (N = 10), matched for age
and mass, were studied (~180 min) during rest in neutral (27.9°C), cool (11.5°C) and warm
(38.5°C) conditions. Sweat rate and expulsion frequency were measured continuously from
sites above and below the spinal cord injury. Results: Two subjects with spinal cord injury
displayed sweating caudal to the site of injury, however in both circumstances the sweat
expulsion frequency was synchronous to that from sensate sites, indicating supra-spinal
control. Additionally, subjects with spinal cord injury had a faster rate of change in body
temperature with heating (able-bodied 0.71 °C·hr-1 ±0.13; spinal cord injured 1.32 ±0.20;
P=0.02) and cooling (able-bodied -1.54 °C·hr-1 ± 0.12, spinal cord injured -2.10 ± 0.14; P=
0.04), a lower whole body sweat rate (able-bodied 265 g·hr-1 ±29.1; spinal cord injured 114
±34.1; P<0.01), higher sensate sweat rate (forehead: able-bodied 0.52 mg·cm-2·min-1 ±0.07;
spinal cord injured 0.77 ±0.11; P=0.03), but equivalent sensate sweat sensitivity (ablebodied 1.27 mg·cm-2·min-1·°C-1 ± 0.20; spinal cord injured 1.24 ±0.34; P=0.94), with higher
sweat volume per forehead sweat expulsion (able-bodied 0.05 mg·cm-2·expulsion-1 ±0.01;
spinal cord injured 0.11 ±0.01; P< 0.01). Discussion: A spinal cord completely isolated
from higher centres could not induce sweating in response to a thermal stimulus.
Additionally, at a given total body heat content, subjects with spinal cord injury have
equivalent sensate sweat rates despite a substantial reduction in thermoafferent flow, and
this appears to be the result of peripheral sweat gland adaptations.
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3.2 INTRODUCTION
The hypothalamus predominantly controls thermal sweating in neurologically healthy
individuals (Wunnenberg, 1973; Simon, 1974). Its primary role in the regulation of heat
balance involves the extensive integration of thermal afferents, and it is the most important
site for controlling autonomic thermoeffector responses (Wunnenberg, 1973; Simon, 1974;
Jessen, 1990; Romanovsky, 2007). With continuous negative feedback, the hypothalamus
is able to maintain the thermal status of the deep-body tissues within very narrow limits.
The importance of the spinal cord in controlling heat balance has also been emphasised
(Kuno, 1956; Seckendorf and Randall, 1961; Iggo and Ramsey, 1976). The spinal cord
provides a means of neural communication to and from the brain, as well as being a centre
for spinal reflexes (e.g. swallowing, coughing, sneezing)(Wallin and Stjernberg, 1984). The
spinal cord is also known to be responsible for extensive convergent integration of
thermoafferents (Hellon and Mitchell, 1975; Iggo and Ramsey, 1976). A complete spinal
cord injury (including the sympathetic trunk) isolates the caudal spinal cord and
sympathetic tract from higher central nervous centres. It is well established that an isolated
spinal cord can participate in reflex sweating, at sites below the injury, in response to nonthermal stimuli (e.g. bladder distension, noxious stimuli)(Guttmann and Whitteridge, 1947;
Boshes and Blustein, 1960; Stjernberg and Wallin, 1983; Wallin and Stjernberg, 1984).
Thus, neural connections below the injury remain functioning. However, the capacity of the
isolated spinal cord to independently initiate and modulate thermoregulatory sweating is
less clear.
It seems intuitive that a complete spinal cord injury would eliminate sudomotor control
below the site of the injury. Indeed, many investigators have reported such an absence of
thermal sweating (Pollock et al., 1951; Guttmann et al., 1958; Boshes and Blustein, 1960;
Totel et al., 1971; Normell, 1974; Totel, 1974; Downey et al., 1976; Tam et al., 1978;
Petrofsky, 1992). However, Silver et al. (1991) observed sweating over the entire skin
surface of every one of their nine spinal cord injured subjects tested. This paradox was
consistent with the observations of several previous studies (Seckendorf and Randall, 1961;
Randall et al., 1966; Huckaba et al., 1976)(discussed below), and raises the possibility that
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the human spinal cord could modulate thermal sweating independently of neural
connections with the hypothalamus. While this seems unlikely, the spinal cord is known to
be independently responsible for extensive convergent integration of thermoafferents
(Hellon and Mitchell, 1975; Iggo and Ramsey, 1976), and the nucleus raphe magnus and
subcoeruleus regions also appear capable of limited integration, independently of the
hypothalamus (Bruck, 1986). Thus, it is possible that a number of regions within the spinal
cord can act as sites of central integration of afferent signals, with the capacity to initiate
effector responses. Additionally, there are some animal species in which the spinal cord can
fulfil high-level regulatory functions. For example, observations of cold shivering in
spinal-cord-transected (Simon et al., 1966; Kosaka et al., 1967) and midbrain-transected
(Chai and Lin, 1973) cats, and have been interpreted as confirming the existence of extrahypothalamic control (Simon, 1974).
Further evidence implicating the spinal cord as an extra-hypothalamic site in the regulation
of heat balance is that in neurologically healthy people, thermal manipulation of a local
skin region results in a contralateral modification of sweating (Bothorel, 1991; Cotter and
Taylor, 2005). Such reflex modulation may represent one form of spinal cord interaction
with centrally-mediated efferent signals. It would be expected that spinal mediation is
responsible for the contralateral sudomotor control because: (i) extensive thermoafferent
convergence makes it difficult to conceive of such highly differentiated thermal
information being preserved at the hypothalamic level, and (ii) a spinally-mediated reflex
of sudomotor control seems to exist for mechanoreceptive input (hemihidrosis: that is,
pressure applied to one side affects sweat function on the contralateral region)(Ogawa et
al., 1980). There is also some support for spinally-mediated reflexes existing for a variety
of effector types (e.g. vasomotor and sudomotor control)(Seckendorf and Randall, 1958;
Seckendorf and Randall, 1961; Randall et al., 1966).
Collectively, the studies cited above relating to sweating in spinal cord injury included over
400 subjects. However, the majority of these studies evaluated sweating using methods
known to be relatively insensitive (starch iodide or quinizarin powder)(Seckendorf and
Randall, 1961; Randall et al., 1966; Silver et al., 1991), with a total of only four different
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subjects being investigated using the sweat-capsule technique (Downey et al., 1976;
Huckaba et al., 1976; Tam et al., 1978). In many studies, sample sizes were generally
small, and experimental standardisation was not always ideal. For instance, since sweat
glands from skin surfaces below a spinal cord injury do participate in non-thermal sweating
(e.g. autonomic dysreflexia), it is essential to eliminate erroneous non-thermal stimuli.
Since sweating from insensate skin surfaces may also result from surviving neural
connections (incomplete sympathetic-tract injury)(Boshes and Blustein, 1960; Dimitrijevic
et al., 1983a; Dimitrijevic, 1987), or the regeneration of efferent pathways, then it is also
essential that spinal cord injured subjects only be recruited from those in whom complete
separation of both the spinal cord and sympathetic tract has been verified. The methods
used in the current project were selected with these points in mind. Therefore, humans with
spinal cord injury provide a unique opportunity to explore the gross neural pathways
involved sudomotor responses. The primary purpose of this project was to test the
hypothesis that subjects with spinal cord injury could neither initiate nor systematically
modulate sudomotor function below the site of injury, in response to whole-body thermal
stimuli.
In the current project, the sudomotor responses of heat-stressed subjects with and without
spinal cord injury were examined. Ventilated sweat capsules were used to simultaneously
evaluate sweat rate and sweat expulsion frequency (an indirect index of central sympathetic
drive)(Ogawa and Bullard, 1972; Sugenoya and Ogawa, 1985; Sugenoya et al., 1990;
Yamazaki et al., 1994) above and below the site of the injury to test the working
hypothesis.
Spinal cord injury also provides the opportunity to investigate adaptations to chronically
reduced thermoafferent information. Following a spinal cord injury, the total area of
sensate skin is dramatically reduced. Under this circumstance, the central integrator obtains
its thermoafferent information from a reduced number of thermoreceptors. This situation
offers a condition under which the plasticity of the integrated signal may be evaluated.
Therefore, a secondary aim was to compare sudomotor responses from the sensate skin
surfaces, since it has been previously suggested (Huckaba et al., 1976; Attia and Engel,
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1983; Freund et al., 1984; Petrofsky, 1992), and was hypothesised in the current study, that
compensatory elevations in sweat rate would occur above the site of the injury. In addition
to determining the presence of possible compensatory changes in sensate sweat rate, a
further purpose of this project was to assess sweat and shivering onset thresholds. A
delayed sweat onset has been proposed to indicate a reduced thermoafferent drive (Freund
et al., 1984), and has some research support (Downey et al., 1976; Huckaba et al., 1976;
Tam et al., 1978; Freund et al., 1984). Whilst apparently not studied, similar findings were
expected for shivering onset.

3.3 HYPOTHESES
1. Irrespective of the level of injury, a spinal cord completely isolated from higher centres
will not initiate or modulate thermal sweating;
2. Subjects with spinal cord injury will have higher sensate sweat rates to compensate for
impaired insensate sweating, when compared to able-bodied subjects;
3. Subjects with spinal cord injury will have lower resting body temperature and require
larger changes in total body heat content to elicit the onset of sweating;
4. Subjects with spinal cord injury will be less able to regulate body temperature during
both heating and cooling.

3.4 METHODS
Nine subjects with spinal cord injury (C4 to L5; seven males, two females), and 10 ablebodied males participated in resting thermal stimulation trials. Effort was taken to match
groups for age (spinal cord injured: 41.3 y SD 10.9; able-bodied: 33.1 y SD 7.8; P=0.07)
and body mass (spinal cord injured: 73.1 kg SD 9.2; able-bodied: 78.8 kg SD 12.2;
P=0.35). Eight of the nine subjects with spinal cord injury were verified as being clinically
complete by a physician (absence of detectable sensory and motor function below the
injury), accordingly data relate to all nine subjects, unless indicated otherwise. All subjects
with spinal cord injury had experienced the injury more than 5 y prior to testing (mean: 17
y ±3.2), and each received a medical examination before testing (Maynard et al., 1997). All
experimentation conformed to the ethical clearances granted by the Human Research Ethics
Committee of the University of Wollongong. Accordingly, subjects were informed of the
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purposes and demands of the experiments, and were given opportunity to discuss these,
before providing informed consent of participation.

3.4.1 Confirming complete spinal cord injury
Fundamental to the current project was confirmation of the absence of neural connections
traversing the site of spinal cord injury. Therefore, three procedures were used to enhance
the certainty with which to conclude a complete spinal cord injury.

3.4.1.1 Diagnosis by a trained physician.
Clinical examination by a trained physician has been shown to be a highly reliable and
valid measure when performed by a trained examiner (Ditunno et al., 1997). This has been
essentially the sole means of justifying a complete spinal cord injury for previous studies
(Downey et al., 1976; Silver et al., 1991; Petrofsky, 1992). However, a series of papers by
Dimitrijevic and colleagues (1983a; 1983b; 1984; 1988b; 1988a; 1997), has shown in
studies of patients with spinal cord injury, continuity of white matter of the spinal cord in
patients who were clinically diagnosed as complete. This observation led those authors to
conclude that the absence of volitional motor activity does not preclude the existence of
central nervous system axons traversing the injury site and influencing the activities below
the level of the lesion. Thus, many clinically complete spinal cord injuries may in fact be
neurophysiologically incomplete (termed 'discomplete'). Thus, the challenge for the current
project was to extend the previously accepted standard of clinical examination to more
thoroughly isolate the origin of sweating below a spinal cord injury, should it occur. Thus,
two further tools were utilised, including a separate physiological verification of the injury
with limb cooling.

3.4.1.2 Limb Cooling
This verification was achieved at the end of each trial by elevating and clamping mean
body temperature above the forehead sweat threshold. Venous return from one leg was
occluded at the thigh, using a sphygmomanometer cuff whilst the leg below the knee was
cooled using a water-perfused cast (7.9°C water; Logikal, Logikal Health Products,
Morisset, Australia)(Figure 3.8). A decrease in forehead sweat rate was interpreted to have
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resulted from intact sensory connections. An evaluation of sympathetic nervous system
integrity was not performed during this phase of the study.
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Figure 3.8: A spinal cord injured subject exposed to a heat stress (air temperature 38.5°C;
water perfusion suit 38.8°C), whilst resting supine on a full body-length dry floatation
cushion (ROHO Inc., Belleville, IL. U.S.A.) to minimise pressure. Once body temperature
was clamped above the threshold for sweating, the left leg was occluded with a
sphygmomanometer and encompassed with a water perfused leg cast (temperature 7.9°C;
Logikal Health Products, Morisset, Australia) whilst monitoring sweat rate and sweat
expulsion frequency at the forehead and foot. The insert in the upper left corner shows a
transparent drawing of the leg cast.
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3.4.1.3 Sweat Frequency
Sweat expulsion frequency (fsw) allows for the identification of sympathetic discharges
resulting in sweat excretion, as detailed in Chapter 2. If sweat expulsion frequency caudal
to the injury was not synchronised with the frequency of expulsion rostral to the injury, it
was assumed to provide evidence that the isolated-spinal cord produces sympathetic
discharges independently of higher centres.

3.4.2 Procedures
Subjects rested semi-nude (supine) in a climate-controlled chamber, wearing a whole-body
water-perfusion suit, permitting the modification and clamping of core and skin
temperatures (Cotter and Taylor, 2005). Three conditions were investigated: neutral
(climate chamber at 27.9°C); warm (38.5°C) and cool (11.5°C). Globe temperatures were
consistently within 0.3°C of air temperature. Subjects were first equilibrated (15 min) to
the neutral state: air temperature = 27.9°C (SD 1.1; 50.7% relative humidity, SD 7.7),
water-perfusion temperature = 28.1°C (SD 0.4). Baseline data were collected for 15 min.
Then one of two thermal treatments was applied. In 11 subjects (six able-bodied and five
with spinal cord injury), the climate chamber and perfusion-suit temperatures were ramped
upwards (38.5°C, SD 0.5; 38.5% relative humidity, SD 11.8; 38.8°C, SD 0.5), to provide a
stable thermal load, that was clamped for 120 min. Finally, to maximise the thermal
stimulus for sweating in all subjects, the chamber was ramped upwards to 39.6°C (SD 1.5;
58.4% relative humidity, SD 9.3) for a further 60 min or until volitional termination. In
eight subjects (four able-bodied and four with spinal cord injury), a cooling phase (44 min)
followed the neutral state and preceded heating, with air and water temperatures ramped
down (11.5°C, SD 1.0; 43.1% relative humidity, SD 1.4; 7.9°C, SD 0.2), and clamped for
44 min (SD 4.5).
The perfusion suit, as described in detail in Chapter 2 methods, was used to assist clamping
of skin and core temperatures for >120 min, whilst maximising evaporative cooling (Cotter
and Taylor, 2005). Subjects were instructed to refrain from alcohol, caffeine, tobacco and
strenuous exercise, and to consume a normal diet for the 24 h preceding experimentation.
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All trials were performed at the same time of day within subjects. Subjects with spinal cord
injury required additional standardisation procedures. Oxybutynin, a drug with anticholinergic effects, commonly used in spinal cord injury to prevent detrusor spasms, was
the only medication being used likely to affect physiological responses, and was therefore
restricted for 48 h prior to experimentation. To minimise autonomic dysreflexia, and
resultant non-thermal sweating, all subjects emptied their bladder and bowel immediately
before each trial. To minimise pressure-induced ischaemia, subjects rested on a dry
floatation cushion (ROHO Inc., Belleville, IL. U.S.A.). The positioning of tubing and
cables between the subject and floatation cushion was generally avoided, and subjects were
regularly moved to reduce local pressure effects. These precautions minimised the
incidence and severity of spasms in the subjects with spinal cord injury during a trial.
Nevertheless, data from periods of pressure relief or muscle spasm, and the ensuing 5 min,
were excluded from all analyses.

3.4.3 Measurements
Core temperature was measured continuously from the oesophagus (Mekjavic and Rempel,
1990)(Edale instruments Ltd., Cambridge, U.K.), rectum (10 cm beyond anal sphincter;
Edale instruments Ltd., Cambridge, U.K.) and auditory canal (insulated; Edale instruments
Ltd., Cambridge, U.K.). All able-bodied subjects provided each of the core temperature
indices, with slightly less complete data for the subjects with spinal cord injury:
oesophageal (N=8), rectal (N=7) and auditory canal temperature (N=9). Mean core
temperature was calculated using oesophageal and rectal temperatures only, since air
temperature changes may affect auditory canal temperature (Marcus, 1973; McCaffrey,
1975).
Skin temperatures were measured from 14 sites (nine upper- and five lower-body; Type
EU, Yellow Springs Instrument Co. Inc., Yellow Springs, OH, U.S.A.), with mean skin
temperature taken as an area-weighted average of all 14 sites (ISO, 1992). An additional
derivation of mean skin temperature was utilised in subjects with spinal cord injury, such
that all 14 skin temperatures, and the area-weighted coefficients (ISO, 1992) were used, but
data from the insensate skin sites were omitted, and replaced with an unchanging (constant)
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temperature across each trial (neutral: 34°C). This procedure was designed to represent the
absence of thermoafferent flow (refer to Chapter 2 for more details). Mean skin and body
temperatures presented in this study utilise conventional ISO equations unless otherwise
specified. In general, sensate skin temperature was averaged across 7-9 of the 14 sites in
these subjects. However, in the quadriplegic subjects (N = 3), as few as two skin
temperatures were included.
Mean body temperature was calculated from mean core and skin temperatures using a ratio
of 4:1 in both the neutral and hot conditions (Sugenoya and Ogawa, 1985) and a weighting
of 6.5:3.5 in the cool condition (Tabor, 1981; Vallerand, 1992). All temperature data were
sampled at 0.20 Hz using a data logger (1206 Series Squirrel, Grant Instruments Pty. Ltd.,
Cambridge, U.K.), with thermistors calibrated in a stirred water bath against a certified
reference thermometer (Dobros total immersion, Dobbie Instruments, Sydney,
Australia)(refer to Chapter 2 Methods for more details).
Ventilated sweat capsules (3.16 cm2) were used to measure sweat rate from six sites
(forehead, hand, chest, abdomen, thigh, foot). Capsules were glued to the skin to eliminate
pressure artefacts, and received air (1.2 l·min-1) from a tank containing a saturated, lithium
chloride solution. Exhaust air from this sweat capsule passed through a capacitance
hygrometer (Minicap, Panametrics Pty. Ltd., Australia), with humidity and temperature
data collected using two, 4-channel, ventilated capsule systems (Clinical Engineering
Solutions, Australia)(refer to Chapter 2 Methods for more details). Additionally, a small
thermistor (O.D. 2mm) was inserted through the top of the forehead capsule, and insulated
from the airflow within the capsule. This allowed precise determination of intra-capsular
skin temperature, to more accurately account for variations in local sweat rate by
expressing sweat rate relative to intra-capsular skin temperature. Data were sampled at 1.0
Hz. Body mass losses were determined across the entire trial (pre minus post; high
resolution platform scales: AND, Model No. fw-150k, California).
The time of sweat onset was determined for each subject, at each of the six sites
individually (forehead, hand, chest, abdomen, thigh, foot). The candidate analysed all sweat
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data blinded to group, temperature and time. The point where sweat rate deviated from
baseline for more than three minutes without returning to baseline was termed the threshold
for that site. This process was repeated at all six sites. Both the time of sweat onset at any
site, and the average time of sweat onset at sensate sites were determined. Sudomotor
sensitivity (gain), was quantified using local sweat rate changes over the duration of the
trial, relative to changes in (sensate) mean body temperature.
Sweat expulsion frequencies were measured at the forehead and foot, as surrogate indices
of sympathetic activity (Sugenoya and Ogawa, 1985). Capacitance hygrometers (Minicap,
Panametrics Pty. Ltd., Australia) were positioned 5.5 cm downstream from the capsule,
thereby minimising gas mixing. Output from these hygrometers was A/C coupled, such that
its output signal provided voltage peaks with each elevation in relative humidity of the
exhaust air. These voltage peaks were interpreted as sweat expulsions, and were converted
to a digital output and sampled at 5 Hz (DAS1602, MetraByte Corp, MA, U.S.A.).
Software was developed to filter, and then to isolate, the timing and magnitude of each
sweat expulsion, thereby enabling the determination of sweat expulsion frequency (refer to
Chapter 2 Methods for more details).
Oxygen uptake was measured continuously during the cooling treatment (N=8), using an
oronasal mask (Sensor Medics 2900, California, U.S.A.), to evaluate cold-induced changes
in resting metabolic rate. The shivering threshold was taken as an increase in oxygen
uptake above the 95th percentile of the steady-state 15-min baseline, which persisted for
more than 5 min. Additionally, electromyographic activity at pectoralis major (clavicular
head) and trapezius was used to identify the commencement of rhythmical muscular
activation (Q 750B, Quinton Instrument Company, U.S.A.). This method was used to
ensure that the shivering threshold was correctly identified in subjects with a high-level
spinal cord injury who have a much reduced muscle mass from which to drive
thermogenesis. In all instances, these shivering thresholds differed by <5 min with the
mean threshold taken as the average of both techniques. Cardiac frequency was determined
using a six-lead electrocardiogram (Q 750B, Quinton Instrument Company, U.S.A.).
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3.4.4 Analysis
A z-test was performed to determine if sweating was significantly different from zero
(baseline) for regions below the spinal cord injury. Two-way analysis of variance
(measurement site and subject group) was used to determine within- and between-group
differences in sweat rate. Significant differences were isolated using Tukey's HSD post hoc
analysis. Significance was accepted with an alpha level of 0.05. Data are presented as
means with standard errors of the means, unless otherwise specified.

3.5 RESULTS
One subject was clinically confirmed incomplete. Subsequently for this project, only data
from subjects with spinal cord injury without evidence of thermoafferent feedback from
sites caudal to the injury (N=8) are used unless otherwise indicated. The environmental
conditions were not different between groups (P=0.32), and the water-perfusion garment,
in conjunction with the climate chamber, resulted in mean body temperatures that changed
by <0.1°C during the neutral baseline period for both groups (Able-bodied 0.02°C ±0.01,
Spinal cord injured 0.06°C ±0.04; P= 0.30). From this pre-experimental state, each thermal
treatment resulted in significant changes in mean body temperature. For a standardised
volume of external heat stress, increases of 1.2°C (±0.1, able-bodied) and 1.7°C (±0.1,
spinal cord injury) occurred relative to the neutral state, whilst the water-perfusion garment
optimised evaporative heat loss. The standardised volume of cooling decreased mean body
temperature (ISO, 1992) by 2.7°C (±0.1, able-bodied) and 2.3°C (±0.3, spinal cord injury),
relative to neutral. Thus, in both groups of subjects, mean body temperature was driven
over a range of ~4°C, and provided a sufficient stimulus to satisfy the aims of this
investigation.
Tissue temperatures are presented in Table 3.2, from which the following observations are
highlighted. Subjects with spinal cord injury had lower resting core and mean body
temperatures in the neutral environment, and experienced greater deviations of each during
heating. Therefore, subjects with spinal cord injury had greater rates of change in mean
body temperature during heating (able-bodied: 0.71°C·hr-1 ±0.13; spinal cord injured: 1.32
±0.20; P=0.02) and cooling (able-bodied: -1.54°C·hr-1 ±0.12; spinal cord injured: -2.10
82

±0.14; P=0.04). Additionally, subjects with higher levels of spinal cord injury also had
greater rates of increase in mean core temperature with heating (r2=0.50) and decrease with
cooling (r2=0.75).
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Table 3.2: Mean tissue temperatures and heart rates in subjects with (N=9), and without spinal cord injury
(N=10), during the last 5 min of resting exposure to cool (44 min, 11.5°C), neutral (30 min, 27.9°C), and
hot (120 min, 38.5°C) environmental conditions.
Neutral

Mean skin (°C)

Mean core (°C)

Mean body (°C)

Heart rate (beats·min-1)

Able-

Spinal cord

bodied

injured

33.9
(0.1)
36.9
(0.1)
36.3
(0.1)
58.6
(2.4)

Hot
P

Able-

Spinal cord

bodied

injured

Cool
P

Able-

Spinal cord

bodied

injured

P

33.1 (0.2)

<0.01

36.1 (0.2)

36.0 (0.3)

0.84

27.9 (0.1)

27.0 (0.2)

0.02

36.7 (0.1)

0.11

37.3 (0.1)

37.6 (0.1)

0.12

36.5 (0.2)

36.3 (0.2)

0.61

36.0 (0.2)

0.02

37.4 (0.1)

37.8 (0.1)

0.02

34.7 (0.2)

34.5 (0.1)

0.28

66.4 (2.8)

0.04

61.6 (3.1)

71.7 (3.9)

0.05

53.0 (2.0)

51.9 (3.1)

0.81
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Despite equivalent water-perfusion and air temperatures, subjects with spinal cord injury
had lower mean skin temperatures than the able-bodied subjects, in the neutral (P<0.01)
and cool conditions (P=0.02), but these were not different in the heat (P=0.84), when using
standard ISO weightings (Table 3.2). This resulted from subjects with spinal cord injury
having significantly cooler insensate skin temperatures in the cool (P=0.03) and neutral
conditions (P=0.01), but not during heating (P=0.64). However, the sensate skin
temperatures of these subjects were not different to those of the able-bodied subjects in any
of the three conditions (neutral: P=0.93; hot: P=0.63; cool: P=0.49) (see Chapter 2, Figure
2.4), with very similar results when comparing just forehead skin temperature (i.e. a sensate
site in all subjects; neutral: P=0.91; hot: P=0.69; cool: P=0.62). In addition, the insensate
skin temperatures of the subjects with spinal cord injury were lower than their own sensate
skin temperatures in both the neutral (P<0.01) and hot conditions (P<0.01), but not during
cooling (P=0.13).
Heart rate increased with heating and decreased with cooling (main effect: P=0.02). In the
neutral state, heart rate was higher in subjects with spinal cord injury, had a greater
increase with heating, and a greater decrease with cooling (interaction: P=0.049; Table
3.2), indicating greater cardiovascular strain except under cold stress. Resting oxygen
consumption was not different between groups (Able-bodied 2.6 ml·kg-1·min-1 ± 1.5; Spinal
cord injured 1.8 ml·kg-1·min-1 ± 1.1; P=0.42), and within the range of previously published
data which may overestimate average resting oxygen consumption (Byrne et al., 2005).
Sweating was observed from the sensate skin of all subjects. However, no evidence of
thermal sweating caudal to the site of injury was found for either the paraplegic or
quadriplegic subjects. The hypothesis was therefore accepted; that an isolated spinal cord
cannot initiate or modulate thermal sweating independently of higher centres (irrespective
of the level of injury). However, slight sweating (<0.1 mg·cm-2·min-1) was apparent on the
insensate regions of two subjects with spinal cord injury, and the sweat expulsion
frequency was synchronised between the forehead and foot (Figure 3.9). One of these
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subjects had an incomplete spinal cord injury (confirmed with limb cooling), and the other
had a lumbar spinal injury.
At the sweat threshold, subjects with spinal cord injury had higher core and mean body
temperatures (Figure 3.10A). Since these subjects had lower neutral-condition mean body
temperatures (Table 3.2), they also had greater temperature changes to initiate sweating
(Figure 3.10B). Adjustment for insensate skin temperatures (i.e. constant insensate skin
temperature) reduced the magnitude of this difference, but the change in mean body
temperature was still ~4 times greater in subjects with spinal cord injury (P<0.01) (Figure
3.10B). Body mass losses were greater for the able-bodied subjects (Table 3.3; P<0.01),
and did not differ significantly from zero (±10 g) in quadriplegics (N=3; P=0.90). In both
groups the forehead consistently secreted the most sweat, with the abdomen sweating the
least.
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Table 3.3: Sweat responses of subjects with (N=9), and without spinal cord injury (N=10),
during resting exposure to hot conditions (120 min, 38.5°C). Sensitivity values are
expressed relative to mean body temperature both with (constant substituted for insensate
skin temperature), and without adjustment for reduced thermoafferent input in subjects with
spinal cord injury.

Able-

Spinal cord

bodied

injured

19 (3)

58 (15)

0.001

Mass loss (g·hr-1)

265.3 (29.1)

114.4 (34.1)

0.007

Forehead sweat rate (mg·cm-2·min-1)

0.52 (0.07)

0.77 (0.11)

0.028

Forehead sensitivity (mg·cm-2·min-1·°C-1)

1.27 (0.20)

1.24 (0.34)

0.940

-

1.64 (0.42)

0.368

Hand sweat rate (mg·cm-2·min-1)

0.38 (0.05)

0.45 (0.09)

0.238

Hand sensitivity (mg·cm-2·min-1·°C)

0.93 (0.13)

0.83 (0.42)

0.762

-

0.89 (0.35)

0.902

Time of sweat onset (min)

Forehead sensitivity (mg·cm-2·min-1·°C-1)
Constant for insensate skin

Hand sensitivity (mg·cm-2·min-1·°C)
Constant for insensate skin
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Figure 3.9: Sweat expulsion frequency recording from both the forehead and foot in two
paraplegic subjects without (A) and with (B) the presence of sweat at the foot. Both
subjects were clinically verified as having a complete spinal cord injury.
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Figure 3.10: Skin, core and body temperature at sweat onset (A), and the changes in these
temperatures required to elicit sweat onset (B) in subjects with (Spinal cord injured, N=9),
and without (Able-bodied, N=10) spinal cord injury during resting heat exposure (120
min). Mean core temperature is the average of oesophageal, rectal and auditory canal.
Mean body (constant) represents mean body temperature derived using a constant skin
temperature (34°C) for insensate regions in subjects with spinal cord injury. Data are
means with standard errors of the means. Temperatures marked with an asterisk are
significantly different between groups (P<0.05).
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Excluding quadriplegics, who did not sweat from any sampled site, average forehead sweat
rate was 50% higher in subjects with spinal cord injury (P=0.03), but hand sweat rates were
equivalent (P=0.24). Both regions were sensate, except for the quadriplegic subjects. Since
the subjects with spinal cord injury also had a higher mean body temperature driving
sweating (Table 3.2), then sudomotor sensitivity (gain; Table 3.3) did not differ between
subject groups for either forehead (P=0.94) or hand sweating (P=0.76). However, when
sensitivity is expressed in this way, it inappropriately assumes that all tissue included
within the body temperature calculation contributes to thermoafferent flow. This may be
adjusted for, at least for the skin, by applying a constant skin temperature value to the
insensate regions (refer to Chapter 2 for more details). When such calculations were
performed, sudomotor sensitivity increased for both sweat sites, but was still not
significantly different from that of the able-bodied subjects (Table 3.3).
There was a strong relationship between sweat expulsion frequency and sweat rate
(r2=0.71), and sweat expulsion frequency with mean body temperature (adjusted for
insensate skin regions: r2=0.71). These relationships were equivalent between groups (ablebodied: P=0.66; spinal cord injured: P=0.79). However, forehead sweat rate per sweat
expulsion was twice as high in subjects with spinal cord injury than in able-bodied subjects
(able-bodied: 0.05 mg·cm-2·expulsion-1 ±0.01; spinal cord injured: 0.11 mg·cm-2·expulsion-1
±0.01; P<0.01), with no difference in the intercept (able-bodied: -2.02 expulsions·min-1
±0.58; spinal cord injured: -1.44 expulsions·min-1 ±0.96; P=0.60). This difference is
consistent with the possibility of a local adaptation at some sensate regions. Since subjects
with spinal cord injury generally had higher skin temperatures, these values were expressed
relative to intra-capsular skin temperature, however the difference remained (able-bodied:
0.13 mg·cm-2·expulsion-1·°C-1 ±0.03; spinal cord injured: 0.30 mg·cm-2·expulsion-1·°C-1
±0.05; P<0.01).
The onset of shivering was at equivalent mean body (able-bodied 35.09 ± 0.32, subjects
with spinal cord injury 35.12 ± 0.91; P= 0.34; observed power 0.25) and core temperatures
between groups (oesophageal P= 0.56, rectal P= 0.13, auditory canal P= 0.82). Changes in
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body temperature (able-bodied -1.20 ± 0.22, subjects with spinal cord injury -0.88 ± 0.09;
P=0.30), and core temperature (oesophageal P= 0.70, rectal P= 0.16, auditory canal P=
0.91), required to elicit shivering were also not different. However, there was substantial
inter-individual variability and limited subject numbers (N=8) for the cooling treatment.

3.6 DISCUSSION
3.6.1 Sweating below spinal cord injury
Over 100 years ago, Bastian (1890) reported the absence of reflexes below the level of a
complete spinal cord injury. Since then, however, the literature relating to thermal sweating
has become ambiguous. Nevertheless, the current investigation provides clear evidence that
the spinal cord, when isolated from the hypothalamus, is unable to independently initiate
and modulate thermal sweating.
Thermal sweating was not evident below the site of a physiologically-determined complete
spinal cord injury at any stage during any trial. Given the current experimental design and
standardisation procedures, it seems likely that should an isolated spinal cord be able to
control thermal sweating in humans, then such sweating would have been detected. The
equivocal nature of the literature concerning this matter may have arisen for two reasons.
First, for sweating to occur independently of higher centres, one must confirm that all
neural connections with higher centres have been abolished. Second, sweating must be
shown to be of thermal origin, and not arising as a result of non-thermal stimuli.
Clinical examination to evaluate the completeness of a spinal cord injury focuses wholly
upon sensory-motor, and not sympathetic function. Since human eccrine sweat glands are
under the direct control of sympathetic stimulation, via impulses initiated at the
hypothalamus, then it is essential to also evaluate the integrity of the sympathetic
pathways. In able-bodied people, each sweat expulsion impulse travels via the sympathetic
nervous system throughout the body. A complete spinal cord injury prevents conduction of
this supra-spinal impulse to caudal sites. Consequently, non-thermal, reflex sweat
expulsion impulses generated caudal to the site of injury will not be synchronised with
supra-spinally mediated sweat expulsions. This is confirmed by research showing that non91

thermal (reflex) sweating caudal to a complete spinal cord injury has a rhythm independent
of thermal sweating from glands above the site of injury (Stjernberg and Wallin, 1983;
Wallin and Stjernberg, 1984; Ogawa and Sugenoya, 1988; Ogawa and Sugenoya, 1993).
The current project used this principle of synchronicity of sweat secretion to identify two
subjects who were receiving sympathetic (thermoefferent) flow from the hypothalamus.
One had been clinically verified as incomplete, and surviving sympathetic innervation was
expected. The second had a clinically-complete spinal cord injury at L1. Previous studies
have shown that people with low-level spinal cord injuries may retain sympathetic
innervation to some lower-limb regions (Boshes and Blustein, 1960; Normell, 1974).
Indeed, it was confirmed that leg sweating in this subject was of the same rhythm as that
above the injury, providing evidence for sympathetic overlap. Both were therefore
excluded from this part of the analysis. Huckaba et al., (1976) reported sweating caudal to
a spinal cord injury. However, that group did not evaluate the completeness of the
sympathetic injury, nor was there an independent measure of the sympathetic drive for
sweating, that might enable determination of the origin of such sweating.
The second technical reason that may explain apparent thermal sweating below the injury
site involves non-thermal stimuli. Since reflex sweating is observed in subjects with spinal
cord injury, great care must be taken to eliminate non-thermal causes for sweating. This
criterion was satisfied within the current project. However, observations of thermal
sweating below the site of a spinal cord injury may not have excluded non-thermal causes
in previous studies (Seckendorf and Randall, 1961; Randall et al., 1966; Silver et al.,
1991). In those studies, sweating was measured using starch-iodine-paper or quinizarin
powder, with both methods lacking a sufficient time resolution to differentiate between
thermal and non-thermal stimuli. Sweating was described in those studies as occurring
without a change in body temperature, with some sweating directly associated with either
involuntary muscular spasm or physical manipulation of subjects. Despite these indications
of non-thermal sweating, the authors justified the claim that sweating was of thermal
origin, based on its apparent responsiveness to changes in air temperature. However, nonthermal sweating will parallel changes in air temperature since, for a given neural drive,
warmer sweat glands produce a greater flow (MacIntyre et al., 1968; Sato and Sato, 1987).
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Indeed, a variety of non-thermal stimuli may initiate sweating, including bladder distension
(Guttmann and Whitteridge, 1947; Stjernberg and Wallin, 1983; Wallin and Stjernberg,
1984), noxious stimuli such as local ischaemia (Wallin and Stjernberg, 1984), various
medications (cholinergic agonists, anti-diabetic and anti-Parkinson drugs, and some
antibiotics), deep breathing (Wallin and Stjernberg, 1984), and a range of mechanical
stimuli (Wallin and Stjernberg, 1984).
The current experiment was designed to exclude subjects with incomplete spinal cord
injury and also to minimise the impact of non-thermal stimuli. Under these restrictions, and
despite providing a level of thermal stimulation well beyond that which is normally
experienced by subjects with spinal cord injury, there was no evidence of any thermal
sweating below the site of a spinal cord injury. This is consistent with the observations of
Wallin and Stjernberg (1984), who used direct measures of sympathetic activity (i.e.
microelectrode recordings from within the peroneal nerve) in eight subjects with
functionally complete spinal cord lesions, and found that non-thermal stimuli such as deep
breaths, abdominal pressure over the bladder and mechanical and electrical skin stimuli
applied caudal to the spinal cord injury could evoke sympathetic impulses of spinal origin,
however no systematic changes of nerve activity were induced by changes of ambient
temperature, indicating that sympathetic thermoregulatory reflexes do not occur at a spinal
level in man. Similarly, Cooper et al. (1957) measured foot skin blood flow using venous
occlusion plethysmography in 21 paraplegic subjects during upper-limb heating (40-44°C),
and showed that skin blood flow below a clinically-complete spinal cord injury was not
altered in response to upper-limb heating, leading the authors to conclude the absence of a
thermoregulatory centre within the spinal-cord. The results from the current project are
entirely consistent with the findings of these two previous, well controlled studies.

3.6.2 Sweating above spinal cord injury
A unique feature of the current investigation was the simultaneous quantification of a
relatively direct index of sympathetic (sudomotor) drive, and the resultant sweat rate from
sensate skin regions. These data showed increased sweat flow for a given rate of
sympathetic activity (expulsion frequency) in spinal-injured than in control subjects,
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indicating that spinal cord injured people may have adapted to a reduced physiological
ability to dissipate heat. Indeed, when normalised for sympathetic activity, forehead sweat
flow was two-fold greater in these subjects.
Others have also shown higher sweat rates from the sensate skin of spinal cord injured
subjects compared with able-bodied subjects, at the same ambient temperature (Huckaba et
al., 1976; Attia and Engel, 1983; Freund et al., 1984; Petrofsky, 1992). However, the
current project extended these observations to show that while local sweat rate was greater,
sudomotor sensitivity (i.e. increase in local sweat rate relative to increase in body
temperature – independently of the way in which body temperature is expressed) was not
different. That is, at the same ambient temperature subjects with spinal cord injury
(compared to able-bodied people) will have a greater rise in body temperature, and
therefore greater increase in sweat from sensate sites. However, subjects with spinal cord
injury had approximately double the amount of sweat excreted onto a given area of sensate
skin surface for each sweat expulsion, after controlling for the effect of local temperature.
It is therefore hypothesised that some form of peripheral adaptation has occurred, the
mechanism of which remains unclear. Adaptation could represent a form of sweat gland
training, as is evident in endurance-trained and heat-adapted people, where, probably
through repeated and extended activation, the sweat glands have hypertrophied and display
an increased cholinergic sensitivity (Sato and Sato, 1983; Yaggie et al., 2002). Since less
stable mean body temperature regulation is a characteristic of people with spinal cord
injury, and capacity for vasomotor adjustment is reduced, then the sweat glands of the
sensate regions may be activated more frequently than able-bodied people even after
accounting for the delay in sweat onset.
Nevertheless, it is unlikely that this compensatory mechanism is of a sufficient magnitude
to offset the deficit in whole-body heat dissipation, because the areal extent and therefore
heat loss power is reduced, in proportion to the level of injury. Accordingly, our subjects
with spinal cord injury experienced greater changes in mean body temperature than
matched able-bodied subjects under an equivalent thermal stress, with the ability to
minimise perturbations in body temperature being directly related to the level of injury.
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Furthermore, these subjects had lower resting core and body temperatures, started sweating
at higher absolute body temperatures, as previously observed (Downey et al., 1976;
Huckaba et al., 1976; Tam et al., 1978; Freund et al., 1984), and accordingly required a
greater change in body temperature to initiate sweating. These findings are consistent with
having reduced thermoafferent flow. The combination of reduced thermoeffector function
and an elevated activation threshold presumably results in a more protracted body
temperature elevation, thereby providing the condition under which sweat gland training
may occur.

3.6.3 Conclusion
Despite heating well beyond a level normally experienced by subjects with spinal cord
injury, it was found that a spinal cord completely isolated from higher centres could not
induce sweating in response to a thermal stimulus. Whilst two subjects showed sweat
below the level of spinal cord injury, in both instances there were consistently synchronous
sweat expulsions from sensate and insensate skin, indicating supra-spinal control of this
thermally-induced sweating. This may be due to survival or regeneration of sympathetic
ganglia, and cannot be deemed to be spinally mediated. Additionally, at a given total body
heat content, subjects with spinal cord injury have equivalent sensate sweat rates, despite a
substantial reduction in thermoafferent flow, and this appears to be the result of peripheral
sweat gland adaptations.
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CHAPTER 4
ENHANCED PERCEPTUAL THERMAL SENSITIVITY IN HUMANS WITH SPINAL CORD
INJURY

4.1 ABSTRACT
Background: Subjects with and without spinal cord injury were studied to test the
hypothesis that subjects with a chronic reduction in sensate skin surface area may show an
adaptation to this state, as evidenced from elevated thermal perceptual and thermoeffector
sensitivities. Methods: Matched subjects with (N=9) and without (N=10) spinal cord injury
were exposed to a broad range of environmental temperatures (11.5-39.6°C), as well as a
standardised local (274 cm2) cooling stimulus (8.0°C), whilst their central sudomotor drive,
sweat rate, local and whole-body thermal sensation, and thermal comfort were measured.
Results: During whole-body cooling and heating, subjects with spinal cord injury had
greater changes in whole-body thermal sensation ratings to changes in mean skin and mean
body temperature. Accounting for the lack of thermoafferent feedback from insensate
regions, subjects with spinal cord injury were ten times more sensitive to changes in skin
temperature: 0.74 units·°C-1 ±0.05 (able-bodied subjects, whole body thermal sensation)
versus 7.22 units·°C-1 ±2.93 (P=0.015). Using conventional equations for mean skin
temperature the difference was smaller but remained significant (0.99 units·°C-1 ±0.09;
P=0.020). The increased temperature perception was not paralleled by increased central
sudomotor drive, measured as the relative change in sweat expulsion frequency during the
local cooling stimulus (: able-bodied: -15.1% ±4.6; spinal cord injured -15.5% ±5.5;
P=0.961), despite a greater reduction in mean upper-body sweat rate (able-bodied: -0.072
mg·cm-2·min-1 ±0.031; spinal cord injured: -0.219 mg·cm-2·min-1 ±0.077). Conclusion:
Subjects with spinal cord injury demonstrated increased thermal sensation sensitivity to
local and whole-body temperature changes, but without a corresponding elevation in
sudomotor sensitivity. It is speculated that this adaptation may manifest itself in the form of
a behavioural adaptation, driven via an enhanced perceptual thermal sensitivity, to
compensate for impaired autonomic thermoregulation.
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4.2 INTRODUCTION
The ability to maintain thermal homeostasis involves a complex relationship between input
from peripheral and central thermosensitive tissues, the integration of this information, and
the activation of thermoeffector responses, by interconnected and parallel control circuits
(Romanovsky, 2007). Spinal cord injury irreversibly alters these relationships, with
reduced thermoafferent and thermoefferent innervation reducing the ability to regulate
body temperature (Attia and Engel, 1983). However, humans have a considerable capacity
to adapt to a range of thermal environments, and subjects with already impaired
thermoregulatory function are particularly vulnerable, and subsequently provide a unique
circumstance in which thermal adaptation may help to compensate for these limitations
(Attia and Engel, 1983). These adaptations may involve both behavioural and autonomic
temperature regulation. One purpose of this thesis was to determine whether adaptation
would be evident for thermal perceptions and an autonomic thermoeffector.
Thermoregulatory adaptation in people with spinal cord injury not only provides valuable
information on the ability to regulate body temperature after spinal cord injury, but also
provides unique insight into the mechanisms associated with able-bodied thermoregulation.
Autonomic adaptations have been studied extensively during heat acclimation, with effects
on core temperature (Fox et al., 1963; Henane and Valatx, 1973; Armstrong and Kenney,
1993), sweat onset (Ladell, 1951; Henane and Valatx, 1973; Nadel et al., 1974; Libert et
al., 1983; Shido et al., 1999), cutaneous vasodilatation (Armstrong and Kenney, 1993) and
sweat rate (Fox et al., 1964; Wyndham, 1967). Cold acclimation provides similar
adaptations, altering the threshold for shivering (Jansky et al., 1996), heat loss (Jansky et
al., 1996; Vybiral et al., 2000), and the number of cold spots (Kozyreva & Yakimenko
1978). Given this adaptive ability of the human thermoregulatory system, a dramatic
alteration to the nervous system such as spinal cord injury, may also evoke significant
autonomic thermoregulatory adaptations.
Studies on autonomic adaptations in subjects with spinal cord injury have been tentatively
suggested from the observation of vasoconstriction responses induced by pressure over the
bladder being more prolonged during body cooling, providing indirect evidence of an
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increased temperature sensitivity of cutaneous vessels in subjects with spinal cord injury
(Randall et al., 1966). It has also been suggested that subjects with spinal cord injury have
a greater magnitude of sweating from remaining sensate areas as a possible compensatory
response (Boshes and Blustein, 1960a; Downey et al., 1976; Huckaba et al., 1976; Attia
and Engel, 1983; Petrofsky, 1992). However, it was also noted that subjects with spinal
cord injury are less able to maintain their body temperature via autonomic regulation
(Huckaba et al., 1976; Attia and Engel, 1983; Freund et al., 1984; Petrofsky, 1992),
resulting in higher temperatures and therefore greater stimulus for sweating (Chapter 3).
These previous studies generally used techniques that did not allow the direct
quantification of sweat rate, and were subsequently unable to express sweating relative to
body temperature, so increased thermosensitivity was not actually demonstrated.
Additionally, less valid indices of core temperature (e.g. oral), and inadequate control of
non-thermal stimuli inducing sweating caudal to the site of injury, limit the ability to
determine the presence of a true compensatory increase in upper-body sweating. The
confounding influence of injury-related non-thermal sweating on sensate sites, whilst not
directly quantified in previous research, is likely to impair the ability to isolate
compensatory sweat rate changes above the site of injury since even though sweating
caudal to the site of injury is being initiated by non-thermal factors (e.g. bladder distension,
local tissue ischaemia) (Guttmann and Whitteridge, 1947; Boshes and Blustein, 1960b;
Stjernberg and Wallin, 1983; Wallin and Stjernberg, 1984), it will still provide evaporative
heat loss and subsequently affect the thermal drive for sweating from sensate sites via the
return of cooler blood to higher centres. Therefore, to further examine the possible
autonomic adaptations with spinal cord injury the current project utilised a standard local
cooling stimulus applied to the sensate skin of sweating subjects with and without spinal
cord injury. Differences in thermoeffector responses between subject groups could infer
adaptations in autonomic temperature regulation. Local cooling via discrete water perfused
patches provides a strong cooling stimulus which has previously been shown to reduce
whole body sweat by greater than 25% - with no change in core or remaining skin
temperatures - when applied to mildly heat stressed, able-bodied participants at rest (Cotter
and Taylor, 2005), and therefore provides a unique tool with which to compare
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thermosensitivities and sudomotor responses between able-bodied and spinal cord injured
participants.

4.2.1 Psychophysical response
Whilst autonomic adaptations are relatively well documented in humans, behavioural
adaptations have not been studied so extensively (Attia et al., 1980; Attia and Engel, 1983),
despite this response having the potential for a much greater and more rapid effect than the
autonomic system on maintaining body temperature within a narrow range. Strong
behavioural responses would presumably be even more important in spinal cord injured
people because of their limited power of autonomically-mediated thermoregulation.
Voluntary or behavioural responses consist generally of avoidance or reduction of thermal
stress by changing the immediate environment, by modification of clothing or by comfort
conditioning of the microenvironment. Whilst there are some studies on behavioural
adaptations in able-bodied subjects (Shido et al., 2001; Smolander et al., 2004), there
appear to be no studies on such adaptations in people with spinal cord injury. It seems
reasonable to assume that people with spinal cord injury and subsequently a reduced ability
to regulate heat dissipation autonomically, may show enhanced behavioural
thermoregulation.
Within the range of innocuous skin temperature, it is the level of discomfort associated
with a perceived temperature which provides the motivation for behavioural responses
(Gagge et al., 1967). As is the case for control of the autonomic thermoeffectors, this
motivation relies mainly on core temperature (Benzinger, 1963; Corbit, 1970; Cabanac et
al., 1972). In particular, the local temperature sensation created by an external stimulus is
readily uncoupled from whole-body thermal discomfort, if whole-body thermal strain exists
or is increasing (Chatonnet and Cabanac, 1965; Cotter and Taylor, 2005). The temperature
sensation and discomfort associated with a cutaneous thermal stimulus are two separate,
conscious perceptions, which both exist at local and whole-body levels. Thus, if a
cutaneous stimulus acts to reduce the internal strain, it may be perceived as being a strong
sensation (hot or cold), though may also be perceived as comfortable, or pleasant. This
interaction of cutaneous sensation with whole-body discomfort is termed alliesthesia, and
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describes the pleasure (+ alliesthesia) or displeasure (- alliesthesia) arising from the
(thermal) stimulus (Cabanac et al., 1972).
Since behavioural responses and can be quantified using thermal sensation and discomfort
(Benzinger, 1969; Cabanac, 1975; Stolwijk and Hardy, 1977; Gordon and Heath, 1986;
Taylor, 1995; Frank et al., 1999; Golja et al., 2004), it therefore seems that an examination
of cutaneous thermosensitivity requires measurement of both apparent temperature
(temperature sensation), and the affective, or alliesthesial, consequence of that sensation
(approximated here as thermal discomfort). Similarly, obtaining those data at the local and
whole-body level allows a more complete analysis of inter-regional and global differences
in sensory thermoreception. The scales of temperature sensation and discomfort used
within this laboratory are based on those which have previously been shown to correlate
moderately with physical heat transfer and autonomic thermoeffector responses, during
stimulation of the entire skin surface (Gagge et al., 1967). A reciprocity between areal
extent and stimulus intensity might indicate that the sensation scale used by Gagge et al.
(1967) should remain suitable for larger skin temperature displacements administered to
smaller skin regions. However, ceiling limitations of the scale have been observed
(Boutcher et al., 1995), and in the current project it has been extended symmetrically
(Cotter and Taylor, 1995)(Table 4.4).
In the current project, subjects with and without spinal cord injury were exposed to a broad
range of environmental temperatures, as well as a standardised local temperature
manipulation. Psychophysical responses were assessed from subjective thermal discomfort
and sensation ratings, on the basis that they represent a primary stimulus for behavioural
thermoregulation (Benzinger, 1969; Cabanac, 1975; Stolwijk and Hardy, 1977; Gordon and
Heath, 1986; Taylor, 1995; Frank et al., 1999; Golja et al., 2004), whilst central sudomotor
drive was evaluated from changes in sweat expulsion frequency (Sugenoya and Ogawa,
1985). It was hypothesised that people with a chronic reduction in sensate skin surface area
may have adapted to this state, and display elevated thermal perceptual and thermoeffector
sensitivities.
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4.2.2 Hypotheses
1. Subjects with spinal cord injury will have a greater change in local thermal sensation
and discomfort to a standard local cooling stimulus;
2. Subjects with spinal cord injury will have a greater change in whole-body thermal
sensation and discomfort for a standard level of whole body heat strain. Hypothesis 1
and 2 will be considered as providing evidence for an enhanced behavioural
thermosensitivity;
3. Subjects with spinal cord injury will also have an increased sweat rate and sweat
expulsion frequency in response to a standard local cooling stimulus, indicating an
enhanced physiological thermoeffector thermosensitivity.
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Table 4.4: Temperature sensation and thermal discomfort scales (Modified after Gagge et
al. 1967). Temperature sensation votes were collected in response to the verbal question:
"How does the temperature of your body (or region) feel?” Thermal discomfort was
obtained in response to: "How comfortable do you feel with the temperature of your whole
body (or region)?”

THERMAL SENSATION

THERMAL DISCOMFORT

1.0 Unbearably cold

1.0 Comfortable

2.0 Extremely cold

2.0 Slightly uncomfortable

3.0 Very cold

3.0 Uncomfortable

4.0 Cold

4.0 Very uncomfortable

5.0 Cool

5.0 Extremely uncomfortable

6.0 Slightly cool
7.0 Neutral
8.0 Slightly warm
9.0 Warm
10.0 Hot
11.0 Very hot
12.0 Extremely hot
13.0 Unbearably hot
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4.3 METHODS
4.3.1 Subjects
Nine subjects with spinal cord injury (C4 to L5; seven male, two female; 41.3 y (SD 3.6);
73.1 kg (SD 6.1), and 10 able-bodied subjects (nine male, one female; 33.1 y (SD 2.2); 78.8
kg (SD 2.8)), of similar age (P=0.07) and body mass (P=0.35), provided written, informed
consent and participated in experiments approved by the Human Research Ethics
Committee (University of Wollongong). All subjects with spinal cord injury were injured
>5 years prior to testing (mean 17 ±3 y), and received pre-experimental physical and
medical examinations (International Medical Society of Paraplegia)(Maynard et al., 1997).
Eight of these subjects were verified (by a specialist physician) as having clinicallycomplete injuries, on the basis of an absence of detectable sensory and motor function
below the injury. The one incomplete subject had only very minor sparing; T11 motor 1/5
(where 0=total paralysis, 1=palpable or visible contraction, 5=normal), sensory 1/2 (where
0=absent, 1=impaired, 2=normal)(Maynard et al., 1997).
Subjects were instructed to refrain from alcohol, caffeine, tobacco and strenuous exercise,
and to consume a normal diet for the 24 h preceding experimentation. All trials were
started at approximately the same time of day (i.e. 8-10am). Subjects with spinal cord
injury required additional standardisation procedures. Medication known to affect
thermoregulation was restricted prior to each trial, to minimise residual physiological
affects (e.g. anti-cholinergic affect). To minimise autonomic dysreflexia and resultant
sweating, subjects emptied both the bladder and bowel immediately before each trial. To
minimise pressure-induced ischaemia, subjects rested on a dry floatation cushion (ROHO
Inc., Belleville, IL. U.S.A.), and were regularly moved. These precautions minimised the
incidence and severity of spasms in the spinal subjects. However, data from periods of
pressure relief or muscle spasm (+5 min) were excluded from analysis.

4.3.2 Thermal stress tests
Subjects rested semi-nude and supine in a climate-controlled chamber, and were exposed to
a wide range of whole-body thermal conditions (air temperature range: 11.5-39.6°C), with
skin and mean body temperatures moved to the target temperatures, then held stable using a
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water-perfusion garment. Three whole-body conditions were investigated: thermoneutral;
hot and cool. Subjects were first equilibrated (30 min) to the thermoneutral state: air
temperature = 28.6°C (SD 1.1; 48.5% relative humidity, SD 6.9), water-perfusion
temperature = 28.1°C (SD 0.4). Baseline data were collected, then the chamber and
perfusion suit temperatures were ramped upwards to 38.5°C (SD 0.5; 38.5% relative
humidity, SD 11.8), and 38.6°C (SD 0.5) respectively, to provide a stable thermal load,
which continued for 120 min. Once subjects reached a stable body temperature above the
threshold for sweating, a local cool stimulus (lasting 5 min) was applied to the posterior
aspect of the neck. Subsequently the chamber was ramped upwards to 39.6°C (SD 1.5;
58.4% relative humidity, SD 9.3) for a further 60 min or until volitional termination. In
eight subjects (four from each group), a cooling phase followed the initial thermoneutral
state and preceded heating, with temperatures ramped down to 11.5°C (SD 1.0; relative
humidity: 43.1%, SD 1.4) and 7.9°C (SD 0.2), respectively, and held for 44 min (SD 4.5).
The purpose of this phase was to provide a greater range of skin and core temperatures with
which to compare psychophysical responses during whole-body treatments.
The perfusion garment consisted of trousers and a long-sleeved jacket, made from 140,
one-metre lengths of polyvinyl tubing (Tygon®; I.D. 1.6 mm, O.D. 3.0 mm) arranged in
parallel, with adjacent tubes clipped together at 8-cm intervals to form a diamond-shaped
lattice (Paul Webb Associates, Yellow Springs, U.S.A.). This suit covered approximately
90% of the skin surface, it received water at 2.5 L.min-1, and it could clamp skin and core
temperatures in able-bodied subjects for more than 180 min, whilst maximising evaporative
cooling (Cotter and Taylor, 2005)(refer to Chapter 2 for more details).
A high-density, water-perfusion patch (274 cm2) was used to apply local cool stimuli
(8.0°C) to the posterior neck (5 min). The patch consisted of a parallel arrangement of
polyvinyl tubes (Tygon®; I.D.=1.6 mm, O.D.=3.0 mm) secured 5.5 mm apart, to a flexible
plastic grid (Sarlon gutter guard, Sarlon Industries Pty. Ltd.). The patch was held against
the skin using 4-5 elastic straps, and conformity to the skin was ensured by a wire
framework attached to the back of the plastic grid, allowing it to be moulded against the
skin. This patch was independent of the perfusion garment, and its water supply
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temperature could be independently controlled. Water was supplied to the patch (1.5 l⋅min1

) from either the water bath supplying the suit, or from another 38-litre water bath (type

ZD, Grant Refrigeration Systems, U.K.) fitted with a standard heater and pump unit (type
VFP, Grant Refrigeration Systems, U.K) and a refrigeration unit (type CK2, Grant
Refrigeration Systems, U.K.). During local thermal stimulation, the whole-body perfusion
garment was used to hold mean body temperature constant.
The magnitude of intra-patch local skin temperature stimulus was determined as the mean
temperature obtained from two surface thermistors (YSI type 409 surface thermistors,
Yellow Springs Instruments Co. Inc., Yellow Springs, Ohio, U.S.A.). Thermistors were
held on the skin by two adjacent water-perfusion tubes. Previous work from within our
laboratory confirmed the validity of this response (Cotter, 1997; Cotter and Taylor, 2005),
and showed that the YSI 409-type thermistors were less susceptible to the temperature of
objects placed on their insulated side, particularly when compared with the responses
shown by the EU-type surface thermistors. Therefore, only the YSI 409-type thermistors
were used for measurement of local skin temperature, and these were always inserted
between adjacent tubes, so that the contact of tubing on their insulated side was minimised.

4.3.3 Measurements
Core temperature was measured continuously from the oesophagus, rectum and the
auditory canal (refer to Chapter 2 methods for more details). Mean core temperature was
calculated using oesophageal and rectal temperatures (all subjects had at least one of these
indices). Skin temperatures were measured continuously from 14 sites (9 upper- and 5
lower-body; Type EU, Yellow Springs Instrument Co. Inc., Yellow Springs, OH, U.S.A.),
with mean skin temperature derived using an area-weighted average across all 14 sites
(ISO, 1992). For subjects with spinal cord injury, mean skin temperature was also derived
by assigning a neutral, constant temperature to the insensate sites (34°C)(refer to Chapter 2
Methods for more details), and by re-weighting the ISO equations, such that coefficients of
zero were applied to the insensate sites and those of the sensate regions summed to unity
(Tam et al., 1978). The conventional area-weighted mean skin temperature (ISO, 1992) is
presented unless specifically stated otherwise. Sensate skin temperatures were measured in
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7-9 of these 14 sites for most subjects with spinal cord injury, leaving 5-7 insensate sites
(refer to Chapter 2 methods for more details).
Mean body temperature was calculated from mean core and skin temperatures using a ratio
of 4:1 in all conditions (Sugenoya and Ogawa, 1985). Whilst a ratio of 2:1 is more likely to
reflect heat storage in cool environmental temperatures (Tabor, 1981; Vallerand, 1992),
this ratio was largely avoided unless a quantification of heat storage was required or
analysis was performed solely within the cool environmental temperature. This removed
the non-physiological ‘step’ from curve fitting analysis at the point of changing from cold
(2:1) to neutral/warm (4:1) conditions. All temperature data were sampled at 0.20 Hz using
a data logger (1206 Series Squirrel, Grant Instruments Pty Ltd., Cambridge, U.K.), with
thermistors calibrated in a stirred water bath against a certified reference thermometer
(Dobros total immersion, Dobbie Instruments, Sydney, Australia).
Ventilated sweat capsules (3.16 cm2) were used to measure two local sweat rates (forehead
and hand), using a sweat data acquisition system (Clinical Engineering Solutions,
Australia). Sweat rates from both sites were averaged to provide mean upper-body sweat
rate. Capsules were glued to the skin to eliminate pressure artefacts (Ogawa and Bullard,
1972), and data were sampled at 1 Hz (DAS1602, MetraByte Corp, MA, U.S.A.)(refer to
Chapter 2 for more details).
Sweat expulsion frequencies from the forehead and foot were used as surrogate indices of
sympathetic activity (Sugenoya and Ogawa, 1985), and these capsules received air at 1.2
L.min-1. Voltage peaks were interpreted as sweat expulsions, and were converted to a
digital output and recorded at 5 Hz (DAS1602, MetraByte Corp, MA, U.S.A.). Software
was developed to filter and isolate individual sweat expulsions, thereby enabling the
determination of sweat expulsion frequency (refer to Chapter 2 for more details).
Whole-body thermal sensation scores were obtained at 10-min intervals during each of the
whole-body thermal stimuli, using scales described above (Chapter 4 Methods). Subjects
were also asked to provide subjective responses concerning local (posterior neck) thermal
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sensation and discomfort. These data were obtained 2 min prior to initiating the local skin
temperature stimulus, then 30 s and 270 s into stimulus application.

4.3.4 Analysis
Quadriplegics only provided psychophysical data, as they did not sweat. One paraplegic
subject had a mild cognitive impairment, and provided psychophysical responses that were
substantially different from all other subjects, and inconsistent with physiological changes.
Psychophysical data from this subject were not analysed. Two-way, mixed-model analyses
of variance were performed on the psychophysical data (Time with 3 levels: baseline, 30 s,
270 s; Group with 2 levels: able-bodied and spinal cord injured). Three-way mixed model
analysis of variance was performed on sweat data (Time with 2 levels: baseline, treatment;
Group with 2 levels: able-bodied and spinal cord injured; Site with two levels: forehead
and hand). Significant differences were isolated using Tukey's HSD post hoc analysis.
Between-group differences in the sensitivity of psychophysical and sweating response to
changes in body temperature were evaluated using an unpaired t-test. Pearson productmoment correlations were performed on thermal-sensation data, and a second-order
polynomial curve was applied to thermal comfort data. Significance was accepted with an
alpha level of 0.05. Data are presented as means with standard errors of the means.

4.4 RESULTS
Whole-body thermal stimuli: The perfusion garment and climate chamber provided
substantial thermal stimuli, while optimising evaporative heat loss. The environmental
conditions did not differ between groups (P=0.316). During heating, the average change in
mean body temperature from the thermoneutral state was 1.89°C (±0.08) for subjects with
spinal cord injury, and 1.01°C (±0.09; P<0.001) for the able-bodied subjects. This elicited
the following local upper-body sweat rates: Hand: 0.614 mg·cm-2·min-1 (±0.213; spinal
cord injured group) and 0.466 mg·cm-2·min-1 (±0.060; able-bodied group); forehead: 0.862
mg·cm-2·min-1 (±0.262) and 0.610 mg·cm-2·min-1 (±0.100). For whole-body cooling, the
respective mean body temperature changes were -2.27°C (±0.34) and -2.67°C (±0.12;
P=0.275). These treatments resulted in a broad range of psychophysical responses, which
differed significantly between the groups during heating (Table 4.5).
113

Table 4.5: Whole-body thermal sensation (see Table 4.4; range: 1 = unbearably cold, 7 =
neutral, 13 = unbearably hot), and thermal discomfort (see Table 4.4; 1 = comfortable, 5 =
extremely uncomfortable) in subjects with (N=9) and without spinal cord injury (N=10),
during a resting exposure to neutral (30 min, 28.6°C), cool (44 min, 11.5°C; N=4 in each
group) and hot conditions (180 min, 39.6°C).

Group

Neutral

Cool

Hot

Whole-body

able bodied

7.3 ±0.1

2.5 ±0.5

9.9 ±0.2

thermal sensation

spinal cord injured

7.4 ±0.4

2.0 ±0.1

10.9 ±0.3

P

0.82

0.37

0.01

Whole-body

able bodied

1.0 ±0.0

3.5 ±0.3

2.5 ±0.2

thermal discomfort

spinal cord injured

1.2 ±0.1

3.5 ±0.5

3.1 ±0.2

P

0.09

0.99

0.06
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During whole-body cooling and heating, there was a significant and strong correlation
between thermal sensation and mean skin temperature in the able-bodied subjects (Table
4.6). However, a significant between-group difference existed in the sensitivity (slope) of
these sensation scores with respect to mean skin temperature (Table 4.6). This difference
existed regardless of the manner in which mean skin temperature was derived, indicating
that, for a 1°C change in mean skin temperature, subjects with spinal cord injury reported a
significantly greater change in thermal sensation (Table 4.6). When accounting for the lack
of thermoafferent feedback from insensate regions, by applying a constant temperature to
these sites, subjects with spinal cord injury were ten times more sensitive to changes in skin
temperature. Similar results were obtained when comparing thermal sensation with mean
body temperature (Able-bodied r=0.855; Spinal cord injured with mean body temperature
where insensate are constant r=0.749), however these correlations were generally slightly
weaker than for mean skin temperature (Table 4.6). This finding is consistent with previous
research indicating thermal sensation is primarily dependent upon skin temperature (Kato
et al., 2001) where thermal comfort is better correlated with mean body temperature (Frank
et al., 1999; Kato et al., 2001).
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Table 4.6: Sensitivity of the whole-body thermal sensation (units·°C-1) relative to mean
skin temperature in subjects with (N=9), and without (N=10) spinal cord injury, during
resting exposure to a broad range of environmental conditions (<180 min, 15.8-39.6°C).
Data (mean and SE) and correlation coefficients were collected from responses obtained
during whole-body thermoneutral, cooling and heating treatments. Mean skin temperatures
were obtained using: the conventional, 14-site calculation and actual skin temperatures
(ISO, 1992); sensate skin sites only, with ISO coefficients for these sites re-weighted to
sum to unity (Tam et al., 1978); and with insensate skin sites assigned a constant (34°C)
temperature (see Chapter 2). Probability parameters refer to comparisons with the
sensitivity of the able-bodied group.

Mean skin temperature
Conventional (ISO 9886)

Able bodied

Spinal cord injured

0.74 (±0.05)

0.99 (±0.09)

r=0.870

r=0.561

Re-weighted sensate to unity

n/a

Constant substituted for insensate

n/a
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1.08 (±0.13)
r=0.825
7.22 (±2.93)
r=0.790

P
0.020
0.014
0.015

The relationships between mean body temperature and thermal discomfort for both groups
are shown in Figure 4.11. Greater discomfort was evident in subjects with spinal cord
injury during heating
Local cutaneous thermal stimuli: Prior to the onset of the local cooling stimulus (posterior
neck), there were no differences in the baseline mean body (able-bodied 37.2°C ±0.1;
spinal cord injured 37.2°C ±0.1; P=0.732) or posterior neck skin temperatures (P=0.870),
nor any of the psychophysical variables (local thermal sensation P=0.066; local thermal
discomfort P=0.854; whole-body thermal sensation P=0.088; whole-body thermal
discomfort P=0.175). Mean upper-body sweat rates were: 0.738 mg·cm-2·min-1 (±0.161;
spinal cord injured group) and 0.538 mg·cm-2·min-1 (±0.068; able-bodied group). There was
no difference in the mean upper-body baseline sweat rate between the groups (P=0.189).
Local cooling resulted in a 12.8°C (±0.8) decrease in local skin temperature (equivalent
across groups P=0.777) over a 5-min period (-2.6°C·min-1), and also suppressed mean
upper-body sweating (baseline 0.638 mg·cm-2·min-1 ± 0.073; treatment 0.493 mg·cm-2·min-1
± 0.074; P=0.001). There was no between-group difference in mean upper-body sweat rate
when averaged over the 5-min treatment (P=0.726). However, there was a significant group
by time interaction (P=0.048), such that in subjects with spinal cord injury, the mean
upper-body sweat rate decline, as time progressed, was three-fold greater (spinal cord
injured: -0.219 mg·cm-2·min-1 ±0.077; able-bodied: -0.072 mg·cm-2·min-1 ±0.031). Local
cooling also reduced the sweat expulsion frequency of both groups (P=0.001), but there
were no between-group differences in either its absolute (spinal cord injured: -1.58
expulsions·min-1 ±0.51; able-bodied: -1.37 expulsions·min-1 ±0.42; P=0.778) or relative
reduction (spinal cord injured 15.5% ±5.5; able-bodied: 15.1% ±4.6; P=0.961).
Whilst the standardised local cooling stimulus reduced thermal sensation in both groups
(P<0.001), subjects with spinal cord injury perceived a greater extent of local cooling
(Figure 4.12). Whole-body thermal sensation was also lower during this local treatment
(P<0.001), with differences in the between-group changes approaching significance (spinal
cord injured: 0.69 units ±0.29; able-bodied: 0.11 units ±0.24; P=0.057). However, local
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cooling did not affect either whole-body (P=0.256; Baseline 2.9 ±0.2, 30 s 2.6 ±0.3, 270 s
2.6 ±0.3) or local thermal discomfort (P=0.167; Baseline 2.2 ±0.3, 30 s 1.7 ±0.1, 270 s 2.0
±0.2).
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Thermal discomfort (whole body)

5

Able-bodied (r2=0.25)
Spinal-cord injured (r2=0.26)
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Mean body temperature (°C)

Figure 4.11: Whole-body thermal discomfort (see Table 4.4; 1 = comfortable, 5 =
extremely uncomfortable), relative to mean body temperature (conventional equation; ISO
(1992), in subjects with (N=9), and without (N=10) spinal cord injury, during a resting
exposure to a broad range of environmental conditions (<180 min, 15.8-39.6°C). Secondorder polynomials have been applied to each group with correlations.
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Change in thermal sensation (1-13)

0

30 s

270 s

-2

-4
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-8

Able-bodied
Spinal-cord injured

Figure 4.12: Local thermal sensation (see Table 4.4; range: 1 = unbearably cold, 7 =
neutral, 13 = unbearably hot) in subjects with (N=9) and without (N=10) spinal cord injury
before (baseline) and during (30 s and 270 s) local cooling of the posterior neck with 8.0°C
(±0.1) water, via a water-perfused patch (274 cm2).
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4.5 DISCUSSION
Subjects with and without spinal cord injury were exposed to a substantial whole-body
thermal stimulus (up to a 28°C air temperature range). Across this range, the spinal cord
injured subjects demonstrated a greater whole-body, perceptual thermal sensitivity (thermal
sensation and discomfort) for an equivalent change in mean skin (Table 4.6) or mean body
temperature (Figure 4.11). This relationship was evident irrespective of how mean skin
temperature was computed. Furthermore, when accounting for the reduced thermoafferent
drive from insensate areas (i.e. a neutral, constant temperature was assigned to each of the
insensate skin sites; 34°C)(refer to Chapter 2), the between-group sensitivity difference for
temperature sensation was almost ten-fold greater in the subjects with spinal cord injury.
These results were supported by similar findings for whole-body and locally perceived
temperature responses to the discrete local cooling stimulus (but not for the concomitant
local thermal discomfort responses to that cooling). This appears to be the first
demonstration of a perceptual difference in subjects with chronic spinal cord injury, and
supports hypotheses 4.1 and 4.2. Although an adaptive increase in cutaneous
thermosensitivity in participants with spinal cord injury has been tentatively suggested
(Randall et al., 1966), direct evidence of such a response has not previously been obtained.
The second primary observation was that an increased temperature perception was not
associated with an increased sudomotor (thermoefferent) drive. That is, a standard cooling
stimulus, when applied to sweating subjects, elicited an equivalent suppression of the
central drive (sweat expulsion frequency; relative and absolute) for sweating in both
groups. Sweat expulsion frequency is strongly correlated with sympathetic outflow (Ogawa
and Bullard, 1972; Sugenoya and Ogawa, 1985; Sugenoya et al., 1990), and is an
appropriate - albeit doubly indirect - surrogate index of thermoafferent flow. Thus, whilst
this suppression resulted in a greater fall in mean upper-body sweat rate for those with
spinal cord injury, this was unlikely to reflect a heightened central response. Instead, since
it was shown in Chapter 3 that the innervated skin sites of people with spinal cord injury
secrete more sweat for a given central drive (sweat frequency expulsion, an equivalent
reduction in central sudomotor activity will result in a larger reduction in sweat rate.
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Hence, the measurement of only sweat rate in this study (i.e. in the absence of a
simultaneous index of central sudomotor drive), as in previous studies (Downey et al.,
1976; Huckaba et al., 1976; Attia and Engel, 1983; Petrofsky, 1992), leads to an erroneous
interpretation of these observations. Accordingly, hypothesis 4.3 is rejected, and it is
concluded that whilst subjects with a chronic reduction in the sensate skin surface area
showed adaptation to this state by elevated thermal perceptual sensitivity, they did not
show altered sudomotor sensitivity.
The subjects with spinal cord injury felt most comfortable at lower mean skin and body
temperatures, and during heating essentially never felt as comfortable as the able-bodied
subjects, regardless of their actual temperature. Indeed, these perceptual differences may
have a substantial impact on the ability of such subjects to regulate body temperature,
because subjective thermal discomfort (Benzinger, 1969; Cabanac, 1975; Gordon and
Heath, 1986; Taylor, 1995; Frank et al., 1999; Golja et al., 2004), and to a lesser extent
sensation (Stolwijk and Hardy, 1977), are primary stimuli for behavioural
thermoregulation. For example, people with complete cervical spinal cord injury lose
sympathetic innervations to the entire body, and therefore behavioural regulation may
become the sole avenue for maintaining thermal homeostasis. From the current
observations, it would appear that a heightened perceptual sensitivity exists and may serve
as a protective adaptation, when faced with a reduced thermoeffector function.
This potential adaptation may arise through various mechanisms (Gordon and Heath, 1986;
Boulant, 1998). Whilst the conscious experience of thermal sensation occurs within the
insular cortex (Nomoto et al., 2004), an increased perceptual thermal sensitivity may occur
in any part of the system, from the thermoreceptors to the hypothalamus and cortex.
Peripheral receptor modification would seem unlikely given that an equivalent
thermoeffector response was elicited in both groups when equivalent cutaneous
thermoreceptive fields were stimulated, and the thermal environment that these receptors
are exposed to is unlikely to be different between groups, and therefore also unlikely to
elicit such adaptations (Hensel and Banet, 1982). Since less thermoafferent flow is present,
there will also be less convergence of thermal feedback, possibly leading to a greater
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afferent resolution. This hypothesis could be tested in future by evaluating differences in
spatial discrimination of locally-applied thermal stimuli. Additional potential mechanisms
relate to a central modification of the peripheral thermoafferent drive by various
endogenous substances (Pierau and Schmid, 1990; Simon, 1998). Thus, a change in the
thermosensor sensitivity to catecholamines might contribute to changes in temperature
perception (Pierau and Schmid, 1990; Bell et al., 1999). Alternatively, spinal cord injured
people may, through experience, have learned to pay closer attention to the limited total
thermoafferent flow. This might also explain its existence for perceptual function but not
for sudomotor function. This adaptation may relate just to the peripheral afferents, or it
may be more general, with greater attention given to signals arising from all sensate,
thermosensitive tissues. Irrespective, an enhanced behavioural regulatory mechanism is an
efficient means through which to maintain thermal homeostasis.
The finding of an adaptation to (an indicator of) the behavioural thermoregulatory system
without a corresponding adaptation to the autonomic thermoregulatory system is likely to
relate to the differing neuroanatomy of each of these systems since autonomic responses
are generated from integration at a sub-cortical level, whereas the psychophysical
responses need cortical processing (Bligh, 1973). Furthermore, whilst little is known about
the substrates (Nagashima et al., 2000) and locations of thermosensitive neurons triggering
various thermoregulatory behaviours (Romanovsky, 2007), by studying warmth- and coldseeking behaviours of rats in six different tests, Almeida et al. (2006) have shown that
these behaviours do not require an intact preoptic anterior hypothalamus, whereas
autonomic thermoregulatory responses do. These studies collectively emphasise the
anatomical and physiological differences in autonomic and behavioural thermoregulatory
systems, and provide indirect evidence supporting adaptive changes in the behavioural
system independently of the autonomic nervous system.
The current findings may be limited by a confounding effect of age. Although there was not
a significant difference in age between the two groups in this project, participants with
spinal cord injury were on average 8 years older. However, most studies on the effects of
aging and thermosensitivity show either no effect (Falk et al., 1994; Glickman et al., 2002),
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or reduced thermosensitivity with increasing age (Stevens and Choo, 1998; Inoue et al.,
1999; Frank et al., 2000; Lautenbacher et al., 2005), although the precise mechanism is
unclear (Kenney, 1997). Since our subjects with spinal cord injury showed higher
thermosensitivity and were non-significantly older, this would, if anything, have reduced
the magnitude of effect observed. Another possible limitation to this study is that it is cross
sectional, with no knowledge of the time course for such changes to occur. It is possible
that the higher perceptual thermosensitivity is a unique response which occurs acutely in
association with the reduced afferent flow, and therefore the heightened behaviour
responses may reflect an immediate neurophysiological change and not a chronic
adaptation that has evolved to improve thermoregulation as a result of altered afferent load.
Further studies on subjects with a range of time post injury may help elucidate the acute
versus adaptive nature of such changes.
In summary, subjects with spinal cord injury have demonstrated increased thermal
sensation sensitivity to local and whole-body temperature changes. However, this was not
associated with a corresponding change in sudomotor sensitivity. It is concluded that
subjects with spinal cord injury have a unique adaptation to a chronic reduction in the
sensate skin surface area and autonomic control of thermoeffector function, with this
adaptation perhaps manifesting itself as a behavioural mechanism driven via an enhanced
perceptual thermal sensitivity.
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CHAPTER 5
VENTILATORY CHANGES IN HEAT-STRESSED HUMANS WITH SPINAL CORD INJURY
This chapter forms the basis of a publication (Wilsmore et al., 2006)

5.1 ABSTRACT
Introduction: Humans with spinal cord injury have a reduced ability to dissipate heat. The
current project examined the possibility that, in such people, an elevated ventilatory
response (panting) may act as a supplementary avenue for heat loss. Methods: Ten subjects
with spinal cord injury were matched with ten able-bodied subjects, and studied during
resting heat exposure (38.5°C). Exposures lasted approximately two hours. The ventilatory
response was assessed from breathing frequency changes, measured using a mercury strain
gauge secured to the abdomen and lower ribs. Results: Subjects with spinal cord injury
displayed a ventilatory sensitivity relative to mean body temperature change (2.4
breaths•min-1•°C-1 ±0.9) more then twice that of able-bodied subjects (1.1 breaths•min-1•°C1

±0.6; P=0.042). Furthermore, the higher the level of spinal cord injury, the greater was the

ventilatory response (r2=0.51, P=0.048). Discussion: While these ventilatory changes were
apparently thermally mediated, they did not represent a true panting response, nor did the
increased breathing frequency confer a physiologically-significant thermoregulatory
benefit that may help compensate for the loss of sympathetic flow to eccrine sweat glands
and cutaneous blood vessels in people with spinal cord injury.
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5.2 INTRODUCTION
Panting is the primary avenue for evaporative heat loss in most non-sweating animals,
dissipating as much as 95% of metabolic heat (Kamau, 1988). Panting is dominated by an
increased breathing frequency, as high as 200 breaths per minute, with elevated evaporative
heat loss occurring primarily within the upper airways (Bligh, 1957). Evaporation from the
respiratory tract is an efficient route for heat loss in species with an exterior surface
insulated by fur or feathers. The majority of the increased total ventilation of panting is
restricted to the respiratory dead space, with minimal effect on blood gases (Hales and
Webster, 1967). Panting has advantages over sweating as the heat of vaporisation of water
from the skin surface during sweating is derived partly from the environment, whereas
panting utilises more of its heat from the body, and this is mostly from the body core
directly. Additionally, sweating cools the skin which potentially increases the heat gain
from the environment by radiation and convection. However, the magnitude and therefore
significance of panting varies substantially between species. For example, panting in
reptiles is often employed only as a last resort against over heating (Crawford, 1972). In
contrast, alpine birds have adapted to their thermal environment by reducing the onset of
panting to an ambient temperature of only 21°C (Johnson, 1968). Furthermore, dogs have
one of the most developed panting responses despite the presence of sweat glands (Hales et
al., 1970). This inter-species variability and adaptive utilisation of panting as an efficient
means of regulating body temperature provides a foundation for the possible existence of
panting in humans.
However, humans have an extremely powerful sweating response, and while the
coexistence in humans of hyperthermia and tachypnoea has been known for over 100 years
(Haldane, 1905), ventilatory heat losses generally constitute a small portion of total heat
loss during heat stress (Mitchell et al., 1972). However, people with spinal cord injury have
a reduced ability to regulate body temperature, due to impaired innervation of both sweat
glands and cutaneous blood vessels (Wallin and Stjernberg, 1984; Sawka et al., 1989;
Muraki et al., 1996). As an alternative, or perhaps supplementary heat loss mechanism, an
amplification of the existing, minimal ventilatory (panting) response may occur. The
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purpose of this study was therefore to examine whether physiologically-significant panting
occurs in humans with long-standing spinal cord injury.
While heat-induced tachypnoea, and even hyperventilation (Gaudio and Abramson, 1968),
is well established in humans, its presence and magnitude in people with spinal cord injury
is less clear (Guttmann et al., 1958; Johnson, 1971; Totel et al., 1971; Totel, 1974). The
authors of these studies have uniformly reported a linear increase in minute ventilation with
increasing body temperature, and suggested that the increased ventilation was not of a
magnitude to compensate for the absence of sweating. However, these studies also suffer
methodological limitations of low experimental power, poorly controlled thermal load,
inadequate indices of thermal strain (e.g. used oral temperature with single-site skin
temperature)(Totel, 1974), without statistical interpretation (Guttmann et al., 1958), often
without reporting of medications or the time since injury, (both of which affect
thermoregulation: (Juniper et al., 1967; Tashjian and Richter, 1985; Rosenberg et al., 1986;
Simpson et al., 1986; Silver et al., 1991; Danjou et al., 1992; Canaday and Stanford, 1995),
and expression of breathing frequency relative to time but not body temperature (Guttmann
et al., 1958). Additionally, these previous studies did not report on spasms, or the exclusion
of data related directly to a spasm (i.e. uncontrolled muscle contraction below the spinal
injury). As the trial duration increases, so will the likelihood of both local tissue ischaemia,
and bowel and bladder distension, increasing the likelihood of spasms (Mathias and
Frankel, 1983; Glasauer and Czyrny, 1994; Vaidyanathan et al., 1998), and therefore,
potentially increasing breathing frequency artificially. Another possible limitation to these
previous studies (Totel et al., 1971; Totel, 1974) includes extended baseline collection
periods at levels below a thermoneutral environment (Gagge et al., 1967; Werner, 1980).
Since subjects with spinal cord injury have a reduced capacity to thermoregulate, and are
subsequently particularly sensitive to cooling, 30-90 min of resting semi-nude in 22°C air
would have significantly reduced body temperature, resulting in a pre-cooling treatment,
prior to heating. Pre-cooling has been shown to have several important physiological
effects on thermoregulation (Schmidt and Bruck, 1981; Olschewski and Bruck, 1988; Lee
and Haymes, 1995; Leweke et al., 1995; Booth et al., 1997), and may again have biased the
results from previous studies.
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Therefore, this question of a ventilatory compensation response to heating was revisited
using a more powerful design, methods that enabled more precise control over the thermal
load, a detailed quantification of thermal strain, and minimisation of physiological and
medical artefacts.

5.2.1 Hypotheses
1. Subjects with a spinal cord injury would display a panting response (tachypnoea) in
excess of that observed in matched, able-bodied subjects, and this adaptation might
enhance heat dissipation.

5.3 METHODS
5.3.1 Subjects
Ten subjects (8 male, 2 female) with clinically-confirmed, complete spinal cord injury (C4
to L5), and 10 able-bodied males (controls) participated. Both groups were matched for age
(36.8 y SD 8.5; P>0.05) and body mass (77.3 kg SD 2.6; P>0.05). Subjects with spinal
cord injury received a physical and medical examination before testing, in accordance with
the International Medical Society of Paraplegia (Maynard et al., 1997). All subjects
provided written, informed consent, and all procedures were approved by the Human
Research Ethics Committee (University of Wollongong).
As the time since spinal injury, and the completeness of the injury, may affect
physiological adaptation, subjects were recruited from a population in whom the spinal
injury had occurred at least 5 y prior to testing (mean 17 y). Clinical verification of injury
completeness was initially performed by a specialist physician, confirming the absence of
detectable sensory and motor function below the level of injury. Additional verification
was achieved by clamping mean body temperature above the threshold for sweating, using
a water-perfusion suit and climate chamber (Cotter et al., 1995). The venous return from
one leg was then occluded, and the leg cooled (water-filled leg and foot splint; 7.9°C). A
decrease in forehead sweat rate during leg cooling was interpreted to indicate that sensory
connections across the site of the spinal cord injury still existed (for more details refer to
135

Chapter 2 Methods). This was most evident in one subject, who was removed from
analyses where a quantification of neural deprivation was required.
Subjects were instructed to refrain from alcohol, caffeine, tobacco and strenuous exercise,
and to consume a normal diet for the 24 h preceding experimentation. All trials were
performed at the same time of day. Medications known to affect thermoregulation were
restricted prior to each trial to minimise residual physiological affects (refer to Chapter 2
Methods). Major causes of autonomic dysreflexia, and the associated non-thermal sweating
and ventilatory changes, are bladder and bowel distension, and local tissue ischaemia.
Thus, subjects urinated and defecated prior to each trial. To limit pressure-induced
ischaemia, all subjects rested on a dry floatation cushion (ROHO© Inc, Belleville, IL.
U.S.A.). The positioning of tubing and cables between the subject and floatation cushion
was minimised, and subjects were moved regularly to reduce localised pressure effects.
These precautions minimised both the incidence and severity of spasms throughout the trial
(refer to Chapter 2 Methods). All data relating to pressure relief or spasm, and the five
minutes following, were excluded from analysis.

5.3.2 Heat stress tests
Subjects rested semi-nude (supine), in a climate-controlled chamber at 27.9°C (50.7%
relative humidity) for 15 min while baseline data were collected. Mean body temperature
was clamped using the water-perfusion suit described in Chapter 2 Methods (water
temperature 28.1°C SD 0.4). After baseline data collection, the climate chamber and suit
temperatures were ramped to 38.5°C (38.5% relative humidity) and 38.8°C (SD 0.5),
respectively, to provide a stable thermal load for 120 min (Cotter et al., 1995), or until
volitional termination (N=2). There was no initial cooling phase in these stress tests.
Core temperature was measured continuously from the oesophagus ~40 cm from the nares
(Mekjavic and Rempel, 1990), rectum (~10 cm beyond anal sphincter) and auditory canal
(~20 mm beyond the meatus, and insulated). Skin temperatures were measured from 14
sites, with mean skin temperature calculated using surface area weightings (ISO, 1992).
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Mean body temperature was calculated as: 0.8 * oesophageal temperature + 0.2 * mean
skin temperature.

5.3.3 Breathing frequency
The ventilatory response was assessed from breathing frequency changes, measured using a
mercury strain gauge secured to the abdomen and lower ribs (Hokanson EC-4SB, U.S.A.).
Inspiration was detected from increased electrical resistance of the strain gauge. Whilst this
technique was not extended to provide quantitative information regarding absolute changes
in tidal volume, or resultant ventilation, these were considered less critical than obtaining a
non-intrusive measure of breathing frequency for three main reasons. First, the numerous
studies in animals (see review: Gagge and Gonzalez, 1996), and the few performed in
humans (Guttmann et al., 1958; Totel et al., 1971; Totel, 1974), clearly indicate that
panting is the result of an increased breathing frequency with a maintained or reduced tidal
volume. Second, any increase in ventilation without a simultaneous increased requirement,
would be self limiting by causing hypocapnia, and possibly syncope if it continued (Sama
et al., 1995; Naschitz et al., 1997). Finally, preliminary analysis on 8 subjects (4 ablebodied and 4 subjects with spinal cord injury), reinforced the acceptability of breathing
frequency as an accurate representation of panting. Therefore, breathing frequency was
considered a valid measure of any possible panting response whilst negating ventilatory
modifications commonly associated with using breathing masks or mouthpieces.
Data were collected continuously throughout the trial. The raw breathing frequency output
was subsequently analysed using software to filter, and then to isolate, the timing and
magnitude of each breath, after excluding data associated with movement or talking,
enabling the determination of breathing frequency (Labview, Version 7, National
Instruments Corporation, TX, U.S.A). The software development for this analysis was the
responsibility of the candidate. This program was designed to analyse the data more
efficiently and remove subjectivity by applying an objective determination of breathing
frequency. Subsequently, for each minute in which breathing frequency was analysed, an
average body temperature was determined within the corresponding one-minute period.
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5.3.4 Analyses
The ventilatory (panting) response was evaluated within subjects from first-order (linear)
changes in breathing frequency relative to increments in body temperature. Mean slopes,
weighted according to the number of co-ordinates and the heat-induced range of the mean
body temperature change, were obtained for each group. A two-tailed, two-sample z-test
was used to evaluate slope differences. Data were then averaged and pooled over 1-min
intervals, and a linear regression applied to the mean data for each group. To minimise the
effects of differences in starting body temperature, analyses using changes in mean body
temperature with breathing frequency were also performed. Within the spinal cord injured
subjects, linear analysis was performed using Pearson Product-Moment correlations
(including residual analysis) to evaluate the separate effects of the size of the insensate skin
area, and the time since injury, on the ventilatory response. Statistical significance was
accepted with an alpha level 0.05. Experimental data are presented as means with standard
errors of the means.

5.4 RESULTS
The current design resulted in a stable body temperature prior to heating (P=0.867). Under
these conditions, there were no differences in breathing frequency between the groups
(spinal cord injured: 12.1 breaths·min-1; able-bodied: 12.7 breaths·min-1; P=0.328) or
oesophageal temperature (spinal cord injured: 36.9°C; able-bodied: 36.7°C; P=0.258). Raw
breathing frequency data are presented in Figure 5.13, with breathing frequency expressed
relative to body temperature for a single subject in Figure 5.14.
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Figure 5.13: Raw breathing frequency data recorded from a single subject with spinal cord
injury during a two hour exposure, initially in a neutral (27.9°C) then hot ambient
temperature (38.5°C). Breathing frequency was determined using a mercury strain gauge
secured to the abdomen and lower ribs (Hokanson EC-4SB, U.S.A.). Inspiration was
detected from increased electrical resistance of the strain gauge. Breathing frequency peaks
have been isolated by a computer program and are represented on this figure at an arbitrary
y-value of 100 (●). Note the slightly shallower and more rapid breathing during heating.
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Figure 5.14: Breathing frequency in a single subject with spinal cord injury during a twohour, resting (supine) heat exposure (dry bulb temperature 38.5°C).
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The heated water-perfusion garment, in conjunction with the climate-controlled chamber
resulted in a mean body temperature increase of 1.7°C (±0.1) in the spinal cord injured
subjects, and 1.2°C (±0.1) in the able-bodied subjects, while the respective mean, terminal
breathing frequencies were 18.1 breaths·min-1 and 12.8 breaths·min-1. The sensitivity of this
breathing frequency response, with respect to mean body temperature increments, was
significantly greater in subjects with spinal cord injury (2.4 breaths·min-1·°C-1 ±0.91; versus
1.1 breaths·min-1·°C-1 ±0.62; P=0.042). Separate analysis of the breathing frequency and
thermal change scores from baseline yielded an almost identical outcome. Thus, a 1°C
increase in mean body temperature in the spinal cord injured group increased breathing
frequency by more than twice that observed in the able-bodied subjects. In addition,
subjects with a spinal injury resulting in larger regions of insensate skin experienced
significantly greater increases in breathing frequency (N=9; r2=0.51, P=0.048), whereas the
time since the injury did not influence the panting response (r2=0.02).
When data were treated within 1-min epochs, and averaged across subjects but within
groups, the subjects with spinal cord injury displayed a significantly greater increase in
breathing frequency over both time (Figure 5.15: r2=0.71; P<0.001) and mean body
temperature (Figure 5.16: r2=0.58; P<0.001), with increases in breathing frequency more
closely associated with mean body temperature (r2=0.58) than mean skin temperature
(r2=0.47). This increased breathing frequency was bi-phasic in nature, being most evident
only beyond a mean body temperature of approximately 36.9°C (Figure 5.16), which
represented an increase of 0.97°C relative to baseline. However, this apparent threshold
was less evident within individual data. Able-bodied subjects did not display such a
ventilatory response across either time (r2=0.05) or mean body temperature increments
(r2=0.03).
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Figure 5.15: Breathing frequency during a two-hour, resting (supine) heat exposure in
subjects with (●) and without (∆) spinal cord injury. Data were averaged within 1minute epochs, and across subjects within each group.
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Figure 5.16: Breathing frequency sensitivity to mean body temperature increments during a
two-hour, resting (supine) heat exposure in subjects with (●) and without (∆) spinal cord
injury. Data were averaged within 1-minute epochs, and across subjects within each group.
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5.5 DISCUSSION
In this experiment, core and skin temperatures were manipulated using a preciselycontrolled exogenous thermal stimulus (Cotter et al., 1995). Valid and reproducible
measures of physiological function were used, and rigorous screening and standardisation
procedures were implemented to minimise the possible impact of physiological or
pharmacological artefacts on experimental data. Under these conditions, a mild, yet
significant ventilatory response (tachypnoea) was demonstrated in heated subjects with a
long-standing spinal cord injury and subsequent thermoregulatory impairment, which was
not evident in matched able-bodied subjects. This response was significantly correlated
with changes in core temperature, and it appears bi-phasic in nature across the body
temperature range 35.9-37.5°C (Figure 5.16). Furthermore, subjects with larger areas of
insensate skin exhibited a more pronounced panting response.
The magnitude of the thermal strain imposed in this investigation (1.7°C) was beyond the
day-to-day mean body temperature range typically encountered by most people with a
spinal cord injury, and similar to temperatures obtained in human panting studies (VejbyChristensen and Strange Petersen, 1973; Saxton, 1975; Petersen and Vejby-Christensen,
1977; Baker et al., 1996). It is therefore reasonable to assume that a substantial, thermallyinduced physiological adaptation, if present, should have been revealed within the current
project.
While a significant ventilatory response in subjects with spinal cord injury was observed,
the cause of this response is unclear. First, it has been noted in previous experiments
(Guttmann et al., 1958; Totel, 1974; Attia and Engel, 1983), as well as in the current
project, that subjects with spinal cord injury perceive greater discomfort during heating
than able-bodied subjects do (refer to Chapter 4 for more details). As catecholamine
response increases proportionally to stress (Hussi et al., 1977; Powers et al., 1982;
Kukkonen-Harjula and Kauppinen, 1988; Laatikainen et al., 1988), our findings may be
related to humoral stimulation of respiration, (Powers et al., 1982; Laatikainen et al., 1988)
independently of a direct thermal response. Second, as well as the normal chemoreceptor
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stimulation of ventilation, rats (also a non-panting species) have an additional respiratory
drive at raised body temperatures (Boden et al., 2000b), arising from the preoptic area of
the hypothalamus (Boden et al., 2000a). This area contains thermoreceptors and receives
afferent drive from peripheral thermoreceptors. Sensitisation of this area could therefore
provide one means for increased ventilation in spinal cord injured subjects at raised body
temperatures. Other possibilities relate to changes in carbon dioxide sensitivity with
heating (Baker et al., 1996), a direct interaction of the preoptic anterior hypothalamus on
respiratory control centres (Hammel et al., 1960; Baldwin and Ingram, 1968; Hales et al.,
1977; Ni et al., 1994), or some combination of these factors.
The ventilatory response observed in the current project is unlikely to represent a
significant thermoregulatory adaptation. For this to be a possibility, panting should be
extensive, and result in physiologically-significant heat loss. The panting sensitivity of the
dog can exceed 50 breaths·min-1·°C-1 (Hales et al., 1970), or 20 times that currently
observed. Previous studies have shown ventilatory heat loss, even during exercise, to be
minimal in able-bodied people (evaporation of ~100 grams per hour, removing ~245 kJ of
heat, during typical exercise conditions)(Mitchell et al., 1972). Nevertheless, the additional
heat loss that would accompany these ventilatory changes in our spinal cord injured
subjects was estimated using changes in breathing frequency and a standardised tidal
volume. At an estimated oxygen consumption of 300 ml per minute, and a water vapour
pressure of 18 mm Hg (dry bulb temperature 30°C, 35%RH), respiratory heat loss would
be approximately 6 Watts, or 21.6 Kilojoules per hour i.e. equal to evaporating about 9
grams of sweat per hour. Subjects with spinal cord injury increased breathing frequency in
the current trial by 2 to 3 breaths per minute, for each 1°C rise in body temperature (i.e.
less than 25% at a breathing frequency of 12 breaths per minute at baseline). Therefore,
increasing breathing frequency at the rate found in the current project would be equivalent
to increasing sweat rate by 2.2 grams per hour at most. Given that able-bodied sedentary
subjects can readily sustain a sweat secretion above 1,000 grams per hour over a 120-min
period, it was concluded that, while our subjects with spinal cord injury displayed a
statistically significant, and divergent, ventilatory reaction to heating, this response
probably lacked thermoregulatory significance. Theoretical calculations show that resting
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subjects of the same stature, with a metabolic rate of approximately 115 Watts, would
require an additional evaporation of 160 g·h-1 of sweat to prevent a rise in core temperature.
The thermal insignificance of the additional ventilatory evaporation is highlighted by the
inability of these subjects to regulate the rise in core temperature during this heat exposure.
In the current project the ventilatory response was quantified wholly from changes in
breathing frequency. Since some studies have shown that thermally-induced ventilatory
responses are associated with increases in tidal volume (Gaudio and Abramson, 1968;
Cabanac and White, 1995), the possibility that our subjects also increased tidal volume
cannot be excluded. However, this did not appear to be the case (Figure 5.13), and even if it
was, recalculating ventilatory heat loss using our breathing frequency data and tidal volume
changes from the existing literature (900 ml at a mean body temperature of 39.0°C)(Gaudio
and Abramson, 1968), provided an almost identical outcome (i.e. < 5% difference).
In summary, our subjects with spinal cord injury have displayed a greater breathing
frequency response than our able-bodied subjects to equivalent heat stress and heat strain.
Furthermore, subjects with more reduction in heat loss capacity displayed a more
pronounced ventilatory response. However, since this change did not fulfil a meaningful
thermoregulatory function, it is concluded that such a mild ventilatory response was
unlikely to represent a thermal adaptation in humans with spinal cord injury.
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CHAPTER 6
SPINAL MODIFICATION OF THERMAL SWEATING VIA CUTANEOUS PRESSURE
APPLICATION

6.1 ABSTRACT
Introduction: Local pressure has been shown to impair sweating at sites distant to the
applied stimulus, such that pressure applied to one side of the body results in a unilateral
suppression of sweating (i.e. hemihidrosis). This study used simultaneous measurement of
sweat rate and sweat expulsion frequency (i.e. a direct representation of the central
sudomotor drive) from both the upper- and lower-body, to isolate central from peripheral
effects in an attempt to show that a postural change results in suppression of the central
sudomotor signal by the spinal-cord. Methods: Eleven healthy males rested semi-nude and
supine, in a climate-controlled chamber (38.5°C SD 0.3; relative humidity 38.5%, SD 1.7),
wearing a whole-body water-perfusion suit (Twater 38.8°C SD 0.5), to provide a stable
thermal load for the duration of the trial (90 min). Postural manipulation occurred once
subjects were stable above the threshold for sweating, and involved passively inclining the
upper-body from supine (180°) to seated (100°), for 9 min. Results: Lower-body sweating
decreased upon inclination of the upper-body, and was lower than both its baseline values
and upper-body sweat rate for the duration of the treatment (Upper-body mean sweat rate
0.67 mg·cm-2·min-1 ±0.13; Lower-body 0.37 mg·cm-2·min-1 ±0.04; P=0.012, respectively),
then recovered upon resumption of pre-treatment posture. Upper-body sweating increased
to levels above baseline (P<0.05 from 5-11 min). During the treatment, sweat frequency
changed accordingly; lower-body sweat frequency dropped whereas head sweat frequency
increased (i.e. from 2-10 min all P<0.05). Conclusion: This is the first study to have
measured sweat rate and sweat expulsion frequency at both the upper- and lower-body
whilst simultaneously manipulating posture. These data provide the strongest evidence yet
that the central sympathetic sudomotor signal is modified (suppressed) at the spinal level
by an interaction with cutaneous mechanoreceptors.
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6.2 INTRODUCTION
Sweating provides a powerful mechanism for heat loss in humans. Factors that affect
sweating can be divided into either central or peripheral (local) effects. For example, local
skin heating primarily enhances the output of stimulated sweat glands for a standard central
sympathetic impulse (Ogawa et al., 1982), whereas fevers and catecholamines are
considered to predominately alter the central drive for sweating (Pierau and Schmid, 1990;
Simon, 1998). Whilst local pressure has been shown to impair sweating at the stimulated
site by compression of the sweat glands themselves, some studies have shown that pressure
can also exert effects on sweating at sites distant to the applied stimulus, such that localised
pressure applied on one side of the body (e.g. over the left anterior superior iliac crest)
results in the suppression of sweating over the entire ipsilateral side, termed hemihidrosis
(Takagi and Sakurai, 1950; Ogawa et al., 1980; Vaidya and Dhume, 1994; Okagawa et al.,
2003). The area in which the sweating is reduced is sharply demarcated at the midline, and
the hemihidrotic effect appears proportional to the pressure intensity per unit area and the
surface area (Tadaki et al., 1981).
Given the effect of pressure on sudomotor function, it is not surprising that sweating is
affected by posture (Kuno, 1956). Transferring from a supine position to a seated or upright
posture increases lower-body and decreases upper-body cutaneous pressure. During supine
resting heat stress there is a caudal-to-rostral sweat recruitment pattern (Hertzman et al.
1953; Seckendorf & Randall 1961; Park & Tamura 1992), whereas when upright this
response is less pronounced or abolished (Stolwijk et al. 1971; Shvartz et al. 1979).
Similarly, studies using lower-body negative pressure report an increase in lower-body
sweating with baroreceptor unloading (Jackson and Kenny, 2003). Postural changes in
sudomotor function possibly reflect centrally-mediated effects of pressure (Kuno 1956;
Ferres 1962; Park & Tamura 1992), which are thought to involve inhibition (and possibly
facilitation) of sudomotor efferent activity at the spinal level (Ogawa et al., 1980; Ogawa,
1984).
Further support for a spinal mediation of central sudomotor output comes from Cotter and
Taylor (2005). They have shown that the change in sweat rate precisely contralateral to a
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local temperature stimulus was greater than that occurring in the remainder of the nontreated skin regions. This finding is possibly the first to isolate the effect of local skin
temperature on contralateral sweating, as distinct from the generalised sudomotor response
which occurs on non-treated sites. If such a regionally-distributed control is an active
feature of the thermoregulatory system, then it would presumably be mediated, at least in
part, by controllers at the level of the spinal cord (Ogawa et al., 1979). Such a finding
would be consistent with non-thermal reflexes such as the stretch reflex for muscle
contraction (Denny-Brown and Liddell, 1927; Nakazawa et al., 2006). It is difficult to
imagine preferential pathways or distinctive hypothalamic discharge to specific levels of
the spinal cord. It seems more likely that a consistent hypothalamic sudomotor discharge is
modified at the spinal-cord (segmentally), by cutaneous thermoafferent impulses, where the
overall excitability of the spinal-cord may vary with its temperature. Thus, segmental
spinal facilitation (or lack of inhibition) could possibly explain these contralateral effects.
Two recent studies have measured the central sympathetic drive (or a surrogate thereof)
whilst simultaneously recording sweat rate during manipulation of pressure or posture in an
attempt to isolate a spinally-mediated sudomotor reflex (Okagawa et al., 2003; Inukai et
al., 2005). Inukai et al., (2005) measured sweat expulsion frequency with subjects exposed
to supine and seated resting heat stress. That study showed areas of sweat reduction
corresponding with sites where skin pressure was increased (achieved via postural
changes). That is, a reduced thigh sweat rate when seated (relative to the chest), with a
reduced chest sweat rate when supine (relative to thigh). They suggested that a peripheral
mechanism may be responsible for these findings based on the ratio of sweat expulsion
frequency to sweat rate, such that a lower sweat output per sweat expulsion was observed
at the upper-body when supine, and a similar response was evident at the thigh when
seated. However, since they only measured central sympathetic drive (sweat expulsion
frequency) from the upper-body, a differential effect of posture on the upper compared with
the lower-body cannot be excluded.
In the other study (Okagawa et al., 2003), both left and right leg sympathetic nerve activity
were measured (invasively) whilst applying 4-5 minutes of pressure (approximately 5 kg)
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over the left or right anterior superior iliac crest using a padded stick (20 cm2). Skin
pressure applied to one side of the body reduced the amplitude of sudomotor burst derived
from the ipsilateral skin sympathetic nerve, but there was no clear evidence of an effect on
the frequency of the sudomotor burst. Similarly, Ogawa and Bullard (1972) applied
approximately 10 kg of pressure to the chest using the experimenter’s thumb. During the
application of the skin pressure, sweat expulsions from the ipsilateral forearm were reduced
markedly in amplitude or were absent, however, these sweat expulsions when evident,
remained synchronous with non-treated sites. A lack of synchronous discharges may
provide indirect evidence for spontaneous generation of sweat expulsions by the spinal
cord. Therefore, what has been observed from these studies, two of which were published
subsequent to collection of the data reported below, is the existence of hemihidrosis,
postural effects on sweat onset and rate, and precisely contralateral changes in sweating
with local cooling. To date, authors have speculated that this suppression occurs at the
spinal level based on the principle that spinal pathways exert more of a dermatomal effect,
while supraspinal drive exerts a more generalised effect (Ogawa et al., 1980). Therefore,
the purpose of the present study was to measure sweat rate and sweat expulsion frequency
(i.e. a surrogate of central sudomotor activity)(Sugenoya and Ogawa, 1985; Sugenoya et
al., 1990) of the upper and lower-body simultaneously during a passive postural
manipulation to determine if a differential sweat expulsion frequency exits between the
upper and lower-body, which may provide evidence for a spinally-mediated sudomotor
reflex.

6.2.1 Hypotheses
1. Passive inclination from supine to sitting will reduce lower- and increase upperbody sweating, as observed previously.
2. This passive postural manipulation will suppress the frequency of sweat expulsions
to the lower-body, however the timing of each sweat expulsion when present, will
be synchronous to both the upper and lower-body.

6.3 METHODS
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Eleven healthy males (32.9 y SD 8.5; 79.2 kg SD 9.0) rested semi-nude and supine, in a
climate-controlled chamber at 38.5°C (SD 0.3; relative humidity 38.5%, SD 1.7), to
provide a stable thermal load for the duration of the trial (approximately 120 min). Subjects
wore the whole-body water-perfusion suit (Twater 38.8°C SD 0.5) described in Chapter 2,
permitting the modification and clamping of core and skin temperatures whilst maximising
evaporative cooling (Cotter and Taylor, 2005). All experimentation conformed to the
ethical clearances granted by the Human Research Ethics Committee of the University of
Wollongong. Accordingly, subjects were informed of the purposes and demands of the
experiments, and were given opportunity to discuss these, before providing informed
consent of participation.
Postural manipulation involved the upper-body being inclined passively from supine (180°)
to seated (100°), for 9 min (Figure 6.17). The subject was passively inclined using a
manual winding cogwheel operated by the researcher, allowing a rapid and smooth
inclination to the desired position. Postural manipulation took approximately 15 s, and was
conducted at least 45 min into the trial, once sweating was stable. To limit local pressureinduced points and provide a more generalised stimulus by providing a consistent pressure
environment over the entire contact area, subjects rested on a full length dry floatation
cushion (ROHO® Inc, Belleville, IL, U.S.A.). Subjects were instructed to refrain from
alcohol, caffeine and strenuous exercise and to consume their normal diet for the preceding
24 h. Subjects were requested and repeatedly reminded to minimise incidental movement,
stretching and talking throughout the trial, as these are known to influence sweating
(Crawshaw et al., 1975; Libert et al., 1984).

156

Figure 6.17: Resting heat stress (120 min at 38.5°C) showing the inclined position, water
perfusion suit and pressure mattress (ROHO®). Subjects were passively inclined to this
position (approximately 100°) for 9 min.
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Skin temperatures were measured continuously from 14 sites (9 upper- and 5 lower-body;
Type EU, Yellow Springs Instrument Co. Inc., Yellow Springs, OH, U.S.A.), with mean
skin temperature derived using an area-weighted average across all 14 sites (ISO, 1992).
Core temperature was measured continuously from the oesophagus (Mekjavic and Rempel,
1990)(Edale instruments Ltd., Cambridge, U.K.) and rectum (10 cm beyond anal sphincter;
Edale instruments Ltd., Cambridge, U.K.). Mean core temperature was calculated as the
mean of oesophageal and rectal temperatures. The mean body temperature was calculated
from core temperature and skin temperature using a ratio of 4:1 (Sugenoya and Ogawa,
1985)(refer to Chapter 2 Methods for further details on thermistors and calibration).
Ventilated sweat capsules (3.16 cm2) were used to measure sweat rate at three upper-body
(forehead, right dorsal hand, left umbilical) and three lower-body sites (right anterior thigh,
left dorsal foot, right dorsal foot). Capsules were glued to the skin to eliminate pressure
artefacts (Ogawa and Bullard, 1972), and received air at a constant flow (0.5 L.min-1),
temperature and water vapour pressure, having been drawn from an enclosed tank
containing a saturated, lithium chloride solution. Exhaust air from each capsule passed over
capacitance hygrometers and thermistors which formed part of an integrated sweat data
acquisition system (Clinical Engineering Solutions, Australia). Data were sampled at 1 Hz
(DAS1602, MetraByte Corp, MA, U.S.A.)(refer to Chapter 2 Methods). Additionally, a
small thermistor (O.D. 2 mm) was inserted through the top of the forehead and foot
capsules, and insulated from the airflow within the capsule. This allowed precise
determination of intra-capsular skin temperature, to investigate possible local temperature
effects on sweat rate.
Sweat expulsion frequencies were measured at the forehead and left foot, as a surrogate
index of sympathetic activity (Sugenoya and Ogawa, 1985). Capacitance hygrometers
(Minicap, Panametrics Pty. Ltd., Australia) were positioned 5.5 cm downstream from the
capsule, thereby minimising gas mixing. Output from these hygrometers was A/C coupled,
such that its output signal provided voltage peaks with each elevation in relative humidity
of the exhaust air. These voltage peaks were interpreted as sweat expulsions, and were
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converted to a digital output and sampled at 5 Hz (DAS1602, MetraByte Corp, MA,
U.S.A.). Software was developed by the candidate to filter and then isolate the timing and
magnitude of each sweat expulsion, thereby enabling the determination of sweat expulsion
frequency. The number of sweat expulsions were calculated within each minute of
recording to provide expulsions per minute (refer to Chapter 2 Methods).
A two-way repeated measures analysis of variance was performed on sweat rate and
expulsion frequency responses, with two levels of site (upper and lower-body), and 15
levels of time (baseline, 1-14 min). Upper and lower-body sweat rates were averaged
across the three sites each. Significant differences were isolated using Tukey's HSD post
hoc analysis. Statistical significance was accepted for obtained probabilities <0.05, and
experimental data are presented as means with standard errors of the means (±), unless
stated otherwise (SD).

6.4 RESULTS
The water-perfusion garment, in conjunction with the climate-controlled chamber raised
body temperature above the threshold for sweating (average increase in body temperature
of 1.2°C ±0.1), whilst maximizing evaporative heat loss. Mean skin, core, and body
temperature were relatively stable during the postural manipulation (0.04°C ±0.01, 0.06°C
±0.01, 0.06°C ±0.02, respectively)(). Pre-treatment sweat rates (upper-body 0.57 mg·cm2

·min-1 ±0.10; lower-body 0.59 mg·cm-2·min-1 ±0.06) and sweat expulsion frequency

(upper-body 8.0 ±0.4; lower-body 7.2 ±0.6) were stable, and not different between the
upper- and lower-body (P=0.781; P=0.311 respectively).
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Figure 6.18: The change in various temperatures (set relative to the onset of inclination i.e.
time = 0). Subjects rested supine in a climate controlled chamber (N=11). Once stable,
subjects’ upper-body was passively inclined from 180° to 100°, for 9 min.
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Lower-body skin temperature (including intra-capsular temperature) increased slightly over
the duration of inclination (0.15°C ±0.04), whilst upper-body did not (-0.01°C ±0.00).
Incline resulted in a brief increase in sweat rate across all sites (0-45 s; P=0.042),
presumably secondary to the general anticipation and arousal associated with being
inclined, as well as some small movements by subjects to adjust to the new position,
followed by a return towards pre-treatment levels over the next 30 s. However, lower-body
sweating continued to decline, and was lower than both its baseline and upper-body sweat
rate for the duration of the treatment (all P<0.05), and remained depressed until resuming
pre-treatment posture (Figure 6.19). Upper-body sweating increased to levels in excess of
baseline (P<0.05 from 5-11 min). When averaged across the 9-min manipulation, upperbody mean sweat rate exceeded that of the lower-body (0.67 mg·cm-2·min-1 ±0.13; 0.37
mg·cm-2·min-1 ±0.04, respectively, P=0.012). This increase in upper-body sweating
partially compensated for the depressed lower-body sweat rate so that area weighted
whole-body sweat rate was unchanged throughout the trial (no main effect of time
P=0.090).
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Figure 6.19: Mean sweat rate (left Y-axis) and sweat expulsion frequency (right Y-axis)
measured using capacitance hygrometry from upper- and lower-body sites. Upper-body
sites were forehead, right hand and abdomen for sweat rate, and forehead for sweat
expulsion frequency. Lower-body sites were left foot, right foot and right thigh for sweat
rate, and left foot for sweat expulsion frequency. Body temperatures were clamped above
the threshold for sweating whilst resting supine in a climate controlled chamber (N=11).
Once stable, subjects’ upper-body was passively inclined from 180° to 100°, for 9 min.
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During the treatment, sweat frequency diverged between sites (P<0.001), with no change at
the head (pre: 6.3 ±0.6; all P>0.05) but a suppression at the foot (from 2-10 min P<0.024;
Figure 6.19). Lower-body sweat expulsion frequency returned to that of the upper-body
during recovery (all P>0.05; Figure 6.19). Sweat expulsions remained synchronous
between the upper- and lower-body throughout the entire trial. The volume of sweat
excreted per sweat expulsion was not different at baseline (lower-body 0.065 mg·cm2

·expulsion-1 ±0.013; upper-body 0.069 mg·cm-2·expulsion-1 ±0.015; P=0.885) or incline

(lower-body 0.045 mg·cm-2·expulsion-1 ±0.021; upper-body 0.070 mg·cm-2·expulsion-1
±0.010; P=0.316).

6.5 DISCUSSION
Upper- and lower-body sweat rates and expulsion frequencies were measured during
postural manipulation in the presence of an elevated and relatively stable body temperature
to examine the potential role of a spinal reflex on sudomotor control. Lower-body sweat
rate was suppressed, which was due to reduced sweat expulsion frequency, whilst the
upper-body sweat rate and expulsion frequency remained unchanged. This study therefore
provides a novel and important finding of what appears to be the most direct evidence thus
far obtained in humans that increasing lower-body pressure resulted in fewer sweat
expulsion impulses reaching the lower-body than the upper-body, providing relatively
direct evidence for spinal suppression of the central sudomotor drive.
The precise neuroanatomical pathway for such a response was not investigated in the
current project, and is unlikely to be directly measured in humans, given the technical
difficulties and invasiveness associated with measuring output from various sources
including spinal sympathetic interneurons. Studies on primates have indicated that the
hemihidrotic reflex is mediated by group II or III afferent fibres, with connections via
interneurons (Petras and Cummings, 1972), which inhibit ipsilateral preganglionic
sudomotor neurons, the cell bodies of which are located primarily in the intermediolateral
nucleus. However, the neuronal circuits involved in the autonomic spinal reflex, including
the functions of interneurons, have not been clarified (Janig, 1996).
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Whilst Okagawa et al., (2003) speculated that ipsilateral sudomotor suppression appeared
to result from a reduced amplitude of each sympathetic impulse, Ogawa and Bullard,
(1972) concluded that the amplitude was not only markedly reduced but probably absent.
Furthermore, closer examination of data from Okagawa et. al., (2003) indicates that some
impulses may have been absent. The findings from the current project have shown that
sympathetic impulses to the lower limbs with assuming a seated posture, when present,
were synchronised with sympathetic bursts from the upper-body, however the frequency of
these impulses was reduced. These findings are consistent with the proposed mechanism of
spinal interneurons suppressing ipsilateral preganglionc sudomotor neurons. Thus, it is
postulated that the sudomotor outflow descending from central thermoregulatory neurons is
modified at the level of the spinal cord by afferent signals generated by cutaneous pressure.
However, there may also be an inhibitory effect on excitatory post-synaptic potentials, with
fewer action potentials generated (lower frequency) and fewer axons reaching
depolarisation threshold at a given time (lower amplitude). Regardless of the precise
mechanism, the suppression of thermal sweating elicited by skin pressure is consistent with
an evolutionary adaptation, whereby more efficient heat loss would occur by reducing
sweat loss from regions under pressure (which may not be exposed to the air, making
evaporation less effective), with enhanced output on the contralateral side or unaffected
area (where evaporation is likely to be more efficient).
There was a small, but significant increase in upper-body sweat rate after 5 min in the
upright posture. The cause for this is unclear and may have resulted from a small rise in
skin, core and subsequently body temperature (<0.1°C). Alternatively, increased upperbody sweating may have resulted from a reduction in upper-body cutaneous pressure when
assuming the upright posture. However, since this increase only became significant 5 min
after assuming the upright position, this finding appears more consistent with a small
increase in body temperature secondary to a suppressed lower-body sweat rate. Both an
elevated body temperature and upper-body sweat rate were also noted in a similar recent
study comparing seated with supine heat stress (Inukai et al., 2005). However, whilst
upper-body sweat rate showed a small increase during inclination, this was not found for
sweat expulsion frequency. The lack of a supporting increase in sweat expulsion frequency
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may reflect sampling differences between sweat frequency and sweat rate (one expulsion
every few seconds compared with continuous values for sweat rate), and greater interindividual variability in sweat expulsion frequency measurements, reducing experimental
sensitivity to detect subtle changes that were apparent for sweat rate.
Increased lower-body pressure suppressing lower-body sweating is consistent with
previous research where seated subjects produce less sweat on the thigh than when supine
(Inukai et al., 2005), and where pressure applied to one side of the body results in
suppression of sweating on that side (Ogawa et al., 1980; Vaidya and Dhume, 1994). These
results are also supported by research indicating that the caudal-to-rostral onset of sweating
reported for supine, resting subjects (Hertzman, 1957; McCook et al., 1965; Park and
Tamura, 1992), is absent when seated or upright (Stolwijk et al., 1971; Werner, 1980;
Ayling, 1986; Cotter et al., 1995). Whilst a differential sweat expulsion frequency to the
lower-body is potentially indicative of spinal-cord suppression, it is also possible that
supraspinal centres send a different signal to the lower-body than to the upper-body in
response to the postural change. However this seems unlikely from a neuro-anatomical
perspective, and previous research has shown that sweat expulsions are distributed
synchronously throughout the body from a central source (Bini et al., 1980; Sugenoya and
Ogawa, 1985; Sugenoya et al., 1990), with different areas producing variable amounts of
sweat depending on local factors such as sweat gland density, temperature (MacIntyre et
al., 1968; Sato and Sato, 1987), and probably on spinal integration with inhibitory afferents
(Figure 6.19).
A possible limitation to the current project relates to the mechanism of determining
sympathetic impulses using sweat expulsion frequency. Whilst there is evidence of its
direct association with sympathetic sudomotor impulses (Sugenoya and Ogawa, 1985;
Ogawa and Sugenoya, 1993), it may not be sufficiently sensitive to differentiate a
substantially reduced impulse from one that is absent. Reducing sweat excretion will limit
the magnitude of each sweat expulsion, ultimately to a level at which it will no longer
exceed the inherent noise in any electrical system and subsequently not meet criteria for
classification of a sweat expulsion peak (regardless of the criteria used to define it). This
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limitation however is not unique to the current technique, and has been raised by authors of
studies using resistance hygrometry (Ogawa and Bullard, 1972) and the more invasive
microneurographic recordings where electrodes are inserted directly into nerves (Okagawa
et al., 2003). Additionally, local skin temperature differences may have biased sudomotor
responses such that intra-capsular temperature could decrease to a point where sweat
expulsions were absent, resulting in a different effect for the upper- and lower-body.
However, intra-capsular temperature during the treatment increased on the lower-body and
remained unchanged on the upper-body, which would actually make it less likely to
observe spinal sudomotor suppression.
In summary, this is the first project to have measured sweat rate and sweat expulsion
frequency at both the upper- and lower-body simultaneously during postural manipulation,
and thus provides the most direct evidence thus far that the central sympathetic sudomotor
signal is modified (suppressed) at the spinal level by an interaction with feedback from
cutaneous mechanoreceptors.
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CHAPTER 7
CONCLUSIONS
Once considered as little more than a neural pathway from higher centres to various organs
and the peripheral structures, the role of the spinal cord in thermoregulation is becoming
increasingly evident, with independent control of many life sustaining reflexes (e.g.
swallowing, coughing, sneezing)(Wallin and Stjernberg, 1984), as well as for extensive
convergent integration of afferent information (Hellon and Mitchell, 1975; Iggo and
Ramsey, 1976). It has also been hypothesised that the spinal cord can function
independently of higher centres to initiate and control sweating (Seckendorf and Randall,
1961; Randall et al., 1966; Huckaba et al., 1976; Silver et al., 1991). Spinal cord injury
provides a unique opportunity to examine the role of the spinal cord on various
thermoregulatory functions, with implications for people both with and without spinal cord
injury. Studies on this sub-group are rare, and the findings limited by inadequate control of
thermal stress and relatively insensitive quantification of thermal strain, or of
thermoefferent activity. However, advances in equipment, techniques and our
understanding of confounding factors, allow more precise determination of the role of the
spinal cord in thermoregulation, the impact of spinal cord injury on thermoregulation, and
the ability of humans with spinal cord injury to adapt to such a dramatic chronic
impairment.
The major purpose of the current series of projects was to more extensively elucidate
sudomotor control in subjects with spinal cord injury. Sweating is the most powerful
autonomic thermoeffector in humans, and because sweat expulsion frequency provides the
most direct, non-invasive measurement available of central thermoeffector drive, this
thermoeffector became the central focus of these projects. The most unique aspect of these
projects was the continuous and simultaneous measurement of sweat expulsion frequency
at two separate sites. These techniques allowed quantification of the central sudomotor
drive, differentiation between central and peripherally mediated changes, and the ability to
isolate the origin of sweat observed below the site of a complete spinal cord injury. An
additional contribution from this project was the incorporation of both autonomic and
170

behaviourally-related measures of thermoregulatory control to more completely understand
thermoregulation in this distinct sub-group. To compliment these key features,
experimental standardisation procedures specifically focused on minimising non-thermal
confounding factors and included: ceasing medications known to affect thermoregulation,
procedures to ensure both the bladder and bowel were empty, and a full length dry
floatation cushion and regular passive movement to reduce local pressure effects. More
accurate and controlled heat stress was also achieved using the combination of a climate
controlled chamber and water perfusion suit, as well as more detailed quantification of heat
strain comprising multiple sites of core and skin temperature measurement. These issues
have limited previous studies on subjects with spinal cord injury.
There were five principal conclusions concerning the spinal cord and thermoregulation in
spinal cord injury. Spinal cord injury by its nature, reduces thermoafferent information
from areas caudal to the site of spinal cord injury. This injury irreversibly alters the
relationship between body temperature (with resultant thermoafferent load) and the central
drive for sweating. Studies in this area have exclusively used mean body temperature
equations derived from able-bodied subjects for subjects with spinal cord injury. Therefore,
the aim of the first project was to determine whether conventional mean body temperature
equations derived from able-bodied subjects overestimate thermoafferent drive in subjects
with spinal cord injury. It was shown that for the same change in body temperature (using
conventional equations), subjects with spinal cord injury had only half of the sudomotor
response of able-bodied subjects. Assigning a constant, neutral temperature to insensate
areas to reflect the absence of thermoafferent from these sites resulted in a more accurate
representation of central sudomotor drive. These findings form the basis for accepting
hypothesis one.
Second, whilst many studies have reported thermal sweating from insensate sites
(Seckendorf and Randall, 1961; Randall et al., 1966; Huckaba et al., 1976; Silver et al.,
1991), this has not been universally accepted as being of thermal origin (Pollock et al.,
1951; Guttmann et al., 1958; Boshes and Blustein, 1960b; Totel et al., 1971; Normell,
1974; Totel, 1974; Downey et al., 1976; Tam et al., 1978; Petrofsky, 1992). Much of the
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controversy may relate to the differentiation between thermal and non-thermal sweating,
and verification of a complete spinal cord injury. Research from within our laboratory has
also provided indirect support for the role of the spinal-cord in modulating sweat rate by
showing a localised contralateral sudomotor response to cutaneous temperature input under
thermally clamped conditions (Cotter and Taylor, 2005). Therefore, the main aim of the
second project was to determine whether a spinal cord completely isolated from higher
centres could initiate or modulate thermal sweating, and whether sensate sweating will
compensate for impaired sudomotor function caudal to the level of injury by increasing
sweat rate rostral to the level of injury. It was hypothesised that a spinal cord completely
isolated from higher centres will not initiate or modulate thermal sweating, and that
subjects with spinal cord injury will compensate for impaired sudomotor function caudal to
the level of injury, by increasing sweat rate rostral to the level of injury. The current project
utilised tight experimental control with measurement of central sudomotor activity to show
that participants with a spinal cord completely isolated from higher centres were not
capable of initiating or controlling thermal sweating; therefore the hypothesis concerning
the role of the spinal cord in human thermoregulation was accepted. Non-thermal sweating
was not present during the current project. Inducing non-thermal sweating whilst
simultaneously monitoring sweat expulsion frequency from both sensate and insensate
sites, may have provided further insight into the findings of previous conflicting studies by
quantifying and subsequently confirming a different sweat expulsion frequency caudal and
rostral to the site of injury, and provides an area for future research.
In addition to the possibility of the isolated spinal cord initiating and modulating thermal
sweating, some researchers have suggested that autonomic adaptations occur to compensate
for a reduced insensate sweat rate, by increasing the sweat rate of remaining sensate areas
(Boshes and Blustein, 1960a; Downey et al., 1976; Huckaba et al., 1976; Attia and Engel,
1983; Petrofsky, 1992). However, those suggestions were based on observations where
subjects with spinal cord injury are less able to maintain their body temperature via
autonomic regulation (Huckaba et al., 1976; Attia and Engel, 1983; Freund et al., 1984;
Petrofsky, 1992), resulting in higher temperatures and therefore greater stimulus for
sweating, which probably account for some of those assertions. For instance, these previous
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studies generally used techniques that were relatively insensitive for the continuous
quantification of sweat rate (e.g. starch-iodine technique), and were subsequently unable to
express sweating relative to body temperature. Additionally, less valid indices of core
temperature (e.g. oral), and inadequate control of non-thermal stimuli inducing sweating
caudal to the site of injury, limit the ability of these studies to determine the presence of a
true compensatory increase in upper-body sweating. Therefore, based on the importance of
maintaining thermal homeostasis, the adaptive ability of the human thermoregulatory
system (Sato and Sato, 1983; Yaggie et al., 2002), and the findings from previous research
(Huckaba et al., 1976; Attia and Engel, 1983; Freund et al., 1984; Petrofsky, 1992), it was
further hypothesised that subjects with spinal cord injury will compensate for impaired
sudomotor function caudal to the level of injury, by increasing sweat rate rostral to the
level of injury. The current findings showed that sweating above the site of injury was
greater in subjects with spinal cord injury, thereby allowing acceptance of this hypothesis.
However, there was no difference in the central sudomotor activity when expressed relative
to body temperature. This sensate-regional adaptation was therefore deemed to occur
peripherally (i.e. at the sweat gland). This is the first study to quantify, and subsequently
identify, the mechanism for this response. It is acknowledged that since all of the subjects
had suffered spinal cord injury more than 15 years ago, the ability to conclude an
‘adaptive’ response may be enhanced by also studying people with new spinal cord injury.
Increased sensate sweating also did not fully compensate for the absence of insensate
sweating, subsequently emphasising an increased susceptibility to heat stress in people with
spinal cord injury, which may potentially be reduced by optimising exposure of sensate
areas to maximise the evaporative cooling resulting from higher sensate sweating.
Third, spinal cord injury reduces the area with which to sense and respond to thermal
stimuli, and may result in compensatory changes rostral to the site of injury. This project
aimed to identify physiological adaptations, and extend these findings to address
behavioural adaptations (in view of the efficacy and thermoregulatory power of behaviour).
Voluntary or behavioural responses consist generally of avoidance or reduction of thermal
stress by changing the immediate environment by modification of clothing or by comfort
conditioning of the microenvironment, and the drive underlying these behaviours can be
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approximated in humans using thermal sensation and discomfort (Benzinger, 1969;
Cabanac, 1975; Stolwijk and Hardy, 1977; Gordon and Heath, 1986; Taylor, 1995; Frank et
al., 1999; Golja et al., 2004). Despite behavioural responses having an enormous potential
to rapidly minimise temperature perturbations, and particularly to benefit people who have
a reduced ability to maintain thermal homeostasis via autonomic thermoregulation,
behavioural adaptations in people with spinal cord injury have received minimal
examination (Attia et al., 1980; Attia and Engel, 1983). Therefore, the aim of the third
project in this series was to determine whether subjects with a chronic reduction in sensate
skin will display an elevated thermal perceptual (behavioural) and thermoeffector
(physiological) sensitivity to an equivalent local thermal stimulus when compared to ablebodied subjects. The current study utilised a local temperature change to show that
participants with spinal cord injury demonstrated increased thermal sensation sensitivity,
however, this was not associated with a corresponding change in sudomotor sensitivity.
Therefore, the first part of hypothesis four, that subjects with a chronic reduction in area of
sensate skin will display elevated cutaneous thermal perceptual sensitivity to an equivalent
local thermal strain, when compared to able-bodied subjects, is accepted. However, part
two of hypothesis four, relating to enhanced thermoeffector sensitivity, is rejected. Given
the importance of maintaining thermal homeostasis, and the lack of capacity to modify heat
balance via physiological mechanisms in people with spinal cord injury (particularly higher
level injuries), behavioural adaptation would provide a powerful means to maintain thermal
homeostasis, and has not been previously demonstrated. However, these findings are based
on an indirect laboratory measure of behavioural thermoregulation (i.e. thermal sensation
and discomfort). Further studies may provide additional support for this response by
directly assessing behavioural thermoregulation in subjects with spinal cord injury.
Another potential physiological adaptation in people with spinal cord injury to compensate
for a reduced thermoregulatory capacity is panting. Studies on thermal panting in spinal
cord injury have suffered many of the same limitations to previous studies on subjects with
spinal cord injury, and in particular have not attempted to quantify the potential
thermoregulatory benefit of such a response. Since humans with spinal cord injury have a
substantially reduced ability to dissipate heat (Huckaba et al., 1976; Attia and Engel, 1983;
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Freund et al., 1984; Petrofsky, 1992), the fourth main aim of this project was to examine
whether they have an elevated ventilatory response (panting), which may act as a
supplementary avenue for heat loss. Therefore, the aim of the fourth project in this series
was to determine whether subjects with a spinal cord injury will pant in response to a
thermal stress. Subjects with spinal cord injury displayed a ventilatory sensitivity, relative
to mean body temperature change, that was more than twice the sensitivity of able-bodied
subjects. Furthermore, the higher the level of spinal cord injury, the greater was the
ventilatory response. However, while these ventilatory changes were apparently thermally
mediated, they did not represent a true panting response, nor did the increased breathing
frequency confer a physiologically-significant thermoregulatory benefit that may help
compensate for the loss of sympathetic flow to eccrine sweat glands and cutaneous blood
vessels in people with spinal cord injury. Therefore hypothesis five is accepted, that
subjects with a spinal cord injury will increase breathing frequency to a greater extent than
able-bodied subjects in response to a thermal stress, however this response will not
substantially enhance heat dissipation. The direct mechanism for this response was not
identified. Future studies may attempt to determine the cause for this unique response,
which may be related to increased catecholamine concentrations during heat stress in
subjects with spinal cord injury.
Fifth, local pressure at the body surface has been shown to reduce sweating at sites distant
to the applied stimulus, such that pressure applied to one side of the body results in a
unilateral suppression of sweating (i.e. hemihidrosis)(Takagi and Sakurai, 1950; Ogawa et
al., 1980; Vaidya and Dhume, 1994; Okagawa et al., 2003). Posture also effects sudomotor
function, possibly reflecting the effects of local pressure (Kuno 1956; Ferres 1962; Park &
Tamura 1992), which are thought to involve inhibition (and possibly facilitation) of
sudomotor efferent activity at the spinal level (Ogawa et al., 1980; Ogawa, 1984).
However, direct evidence indicating a spinally-mediated reflex is lacking (Okagawa et al.,
2003; Inukai et al., 2005). Therefore, an additional aim of the current thesis was to identify
the mechanism for hemihidrosis. It was hypothesised that passive inclination from supine
to sitting would reduce lower- and increase upper-body sweating. To isolate central from
peripheral effects of posture, sweat rate and sweat expulsion frequency were both measured
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from upper- and lower-body sites before and after passive inclination from supine to
sitting. This is the first project to have measured sweat rate and sweat expulsion frequency
at both the upper- and lower-body whilst simultaneous manipulating posture. Results
showed – in support of the hypothesis – that lower-body sweating decreased in proportion
to a reduction in its sweat expulsion frequency, whereas upper-body sweating increased.
This study therefore provides the strongest evidence to date that the central sympathetic
sudomotor signal is modified (suppressed) at the spinal level by an interaction with
cutaneous mechanoreceptors.

7.1 FUTURE PROJECTS
Thermal and non-thermal sweating below the lesion were both absent in the current trials,
which presumably reflects an inability of the spinal cord to initiate thermal sweating
independently of the hypothalamus, and a high level of experimental control in the current
project, respectively. Whilst this was the intent of this series of studies, measuring the rate,
rhythm and magnitude of non-thermal sudomotor activity, and determining its resultant
effects on sensate sweating and body temperature may provide additional insight into the
capacity and function of the isolated spinal cord. Furthermore, a study manipulating
insensate skin temperature in the presence of non-thermal sweating may also help to
explain the apparent temperature responsive sweating found below a complete spinal cord
injury in previous studies (Seckendorf and Randall, 1961; Randall et al., 1966; Silver et al.,
1991). That is, non-thermal sweating rates will parallel changes in air temperature since,
for a given neural drive, warmer sweat glands produce a greater flow (MacIntyre et al.,
1968; Sato and Sato, 1987). Measuring sweat expulsion frequency and manipulating
glandular temperature during non-thermal sweating therefore provides an avenue for future
research.
It has been noted in previous experiments, (Guttmann et al., 1958; Totel, 1974; Attia and
Engel, 1983) as well as in the current series of studies, that subjects with spinal cord injury
experience greater distress during heating than able-bodied subjects do. As catecholamine
response increases proportionally to stress (Hussi et al., 1977; Powers et al., 1982;
Kukkonen-Harjula and Kauppinen, 1988; Laatikainen et al., 1988), and circulating
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catecholamines are known to stimulate ventilation (Powers et al., 1982; Laatikainen et al.,
1988), and increase temperature perception (Pierau and Schmid, 1990; Bell et al., 1999),
circulating catecholamines may provide the mechanism for both increased ventilatory
response and thermosensitivity in subjects with spinal cord injury in response to heat stress.
Therefore, a trial that includes elevation of serum catecholamines at baseline and during a
resting heat stress, or at least factors the concentration in (e.g. as a covariate), may
elucidate this possible contribution.
The current study found a heightened perception to temperature changes in people with a
reduced physiological thermoregulatory capacity (i.e. subjects with spinal cord injury).
Extending this finding to other groups with a reduced autonomic thermoregulatory capacity
such as diabetics with autonomic neuropathy, burns victims, amputees, and people on anticholinergic medications may extend these findings and emphasise the importance of the
behavioural thermoregulatory system.
A more clinically focused trial may include subjects whilst on common medications, such
as the anti-cholinergic drug oxybutynin. In pilot testing one of the spinal cord injured
subjects had a dramatically reduced sudomotor response whilst continuing on this
medication (i.e. compared with his actual trial). This study would have particular
implications for active subjects with spinal cord injury.
Subjects with spinal cord injury provide the unique opportunity to dissociate core
temperature from skin temperature using the insensate limbs as a heat exchanger (i.e.
cooling the limbs will decrease core with relatively less effect on skin). This technique
could also be used to examine tissue thermosensitivities in more detail in humans,
including a determination of whether the core is rate sensitive.
At present, a series of projects has commenced within the host laboratory to further
elaborate on some of the neural pathways and mechanisms relating to the physiological
responses described within this series of experiments.

177

7.2 REFERENCES
1.

Attia, M., Engel, P. (1983). Thermoregulatory set point in patients with spinal cord
injuries (spinal man). Paraplegia. 21(4):233-248.

2.

Attia, M., Engel, P., Hildebrandt, G. (1980). Quantification of thermal comfort
parameters using a behavioural indicator. Physiology and Behavior. 24(5):901-909.

3.

Bell, D.G., Jacobs, I., McLellan, T.M., Miyazaki, M., Sabiston, C.M. (1999).
Thermal regulation in the heat during exercise after caffeine and ephedrine
ingestion. Aviation Space and Environmental Medicine. 70(6):583-588.

4.

Benzinger, T.H. (1969). Heat regulation: homeostasis of central temperature in
man. Physiological Reviews. 49(4):671-759.

5.

Boshes, B., Blustein, H. (1960a). Survival of sympathetic nervous system after
spinal cord injury as measured by sweat mechanism. Archives of Neurology. 2:163171.

6.

Boshes, B., Blustein, H. (1960b). Survival of sympathetic nervous system after
spinal cord injury as measured by sweat mechanism. Archives of Neurology. 2:163171.

7.

Cabanac, M. (1975). Temperature regulation. Annual Review of Physiology.415439.

8.

Cotter, J.D., Taylor, N.A. (2005). The distribution of cutaneous sudomotor and
alliesthesial thermosensitivity in mildly heat-stressed humans: an open-loop
approach. Journal of Physiology. 565(1):335-345.

9.

Downey, J.A., Huckaba, C.E., Kelley, P.S., Tam, H.S., Darling, R.C., Cheh, H.Y.
(1976). Sweating responses to central and peripheral heating in spinal man. Journal
of Applied Physiology. 40(5):701-706.

10.

Frank, S.M., Raja, S.N., Bulcao, C.F., Goldstein, D.S. (1999). Relative contribution
of core and cutaneous temperatures to thermal comfort and autonomic responses in
humans. Journal of Applied Physiology. 86(5):1588-1593.

11.

Freund, P.R., Brengelmann, G.L., Rowell, L.B., Halar, E. (1984). Attenuated skin
blood flow response to hyperthermia in paraplegic men. Journal of Applied
Physiology. 56(4):1104-1109.

178

12.

Golja, P., Kacin, A., Tipton, M.J., Eiken, O., Mekjavic, I.B. (2004). Hypoxia
increases the cutaneous threshold for the sensation of cold. European Journal of
Applied Physiology and Occupational Physiology. 92(1-2):62-68.

13.

Gordon, C.J., Heath, J.E. (1986). Integration and central processing in temperature
regulation. Annual Review of Physiology. 48:595-612.

14.

Guttmann, L., Silver, J., Wyndham, C.H. (1958). Thermoregulation in spinal man.
Journal of Physiology. 142:406-419.

15.

Hellon, R.F., Mitchell, D. (1975). Convergence in a thermal afferent pathway in the
rat. Journal of Physiology. 248(2):359-376.

16.

Huckaba, C.E., Frewin, D.B., Downey, J.A., Tam, H.S., Darling, R.C., Cheh, H.Y.
(1976). Sweating responses of normal, paraplegic and anhidrotic subjects. Archives
of Physical Medicine and Rehabilitation. 57(6):268-274.

17.

Hussi, E., Sonck, T., Poso, H., Remes, J., Eisalo, A., Janne, J. (1977). Plasma
catecholamines in Finnish sauna. Annals of Clinical Research. 9(5):301-304.

18.

Iggo, A., Ramsey, R.L. Thermosensory mechanisms in the spinal cord of monkeys.
In: Zotterman, Y., editor. Sensory functions of the skin in primates, with special
reference to man. Oxford: Pergamon Press; 1976. p. 285-304.

19.

Inukai, Y., Sugenoya, J., Kato, M., Nishimura, N., Nishiyama, T., Matsumoto, T.,
Sato, M., Ogata, A., Taniguchi, Y., Osada, A. (2005). Effects of body posture on
local sweating and sudomotor outflow as estimated using sweat expulsion.
Autonomic Neuroscience. 119(1):48-55.

20.

Kukkonen-Harjula, K., Kauppinen, K. (1988). How the sauna affects the endocrine
system. Annals of Clinical Research. 20(4):262-266.

21.

Laatikainen, T., Salminen, K., Kohvakka, A., Pettersson, J. (1988). Response of
plasma endorphins, prolactin and catecholamines in women to intense heat in a
sauna. European Journal of Applied Physiology and Occupational Physiology.
57(1):98-102.

22.

MacIntyre, B.A., Bullard, R.W., Banerjee, M., Elizondo, R. (1968). Mechanism of
enhancement of eccrine sweating by localized heating. Journal of Applied
Physiology. 25(3):255-260.

179

23.

Normell, L.A. (1974). Distribution of impaired cutaneous vasomotor and
sudomotor function in paraplegic man. Scandinavian Journal of Clinical and
Laboratory Investigation. 138:25-41.

24.

Ogawa, T. Regional differences in sweating activity. In: Hales, J.R.S., editor.
Thermal Physiology. New York: Raven Press; 1984. p. 229-234.

25.

Ogawa, T., Asayama, M., Miyagawa, T. (1980). Dermatomal inhibition of sweating
by skin pressure. In: Szelenyi, Z., Szekely, M., editors. Satellite of 28th Int
Congress of Physiol Sci Pecs. p. 413-415.

26.

Okagawa, T., Sugenoya, J., Iwase, S., Mano, T., Suzumura, A., Matsumoto, T.,
Sugiyama, Y. (2003). Occurrence of the spinal reflex due to skin pressure in
sudomotor and cutaneous vasoconstrictor nerve system of humans. Autonomic
Neuroscience. 105(1):62-70.

27.

Petrofsky, J.S. (1992). Thermoregulatory stress during rest and exercise in heat in
patients with a spinal cord injury. European Journal of Applied Physiology and
Occupational Physiology. 64(6):503-507.

28.

Pierau, F.K., Schmid, H. (1990). Peripheral and central thermosensitivity. Journal
of Basic and Clinical Physiology and Pharmacology. 1(1-4):323-335.

29.

Pollock, L.J., Boshes, B., Herman, C., Finkelman, I., Arieff, A.J., Brown, M.
(1951). Defects in regulatory mechanisms of autonomic function in injuries to
spinal cord. Journal of Neurophysiology. 14:85-93.

30.

Powers, S.K., Howley, E.T., Cox, R. (1982). A differential catecholamine response
during prolonged exercise and passive heating. Medicine and Science in Sports and
Exercise. 14(6):435-439.

31.

Randall, W.C., Wurster, R.D., Lewin, R.J. (1966). Responses of patients with high
spinal transection to high ambient temperatures. Journal of Applied Physiology.
21(3):985-993.

32.

Sato, K., Sato, F. (1983). Individual variations in structure and function of human
eccrine sweat gland. American Journal of Physiology. 245(2):R203-208.

33.

Sato, K., Sato, F. (1987). Sweat secretion by human axillary apoeccrine sweat
gland in vitro. American Journal of Physiology. 252(1 Pt 2):R181-187.

180

34.

Seckendorf, R., Randall, W.C. (1961). Thermal reflex sweating in normal and
paraplegic man. Journal of Applied Physiology. 16:796-800.

35.

Silver, J.R., Randall, W.C., Guttmann, L. (1991). Spinal mediation of thermally
induced sweating. Journal of Neurology, Neurosurgery and Psychiatry. 54(4):297304.

36.

Stolwijk, J.A.J., Hardy, J.D. Control of body temperature. In: Field, J., editor.
Handbook of physiology: reactions to environmental agents; 1977. p. 45-68.

37.

Takagi, K., Sakurai, T. (1950). A sweat reflex due to pressure on the body surface.
Japanese Journal of Physiology. 1:22-28.

38.

Tam, H.S., Darling, R.C., Cheh, H.Y., Downey, J.A. (1978). The dead zone of
thermoregulation in normal and paraplegic man. Canadian Journal of Physiology
and Pharmacology. 56(6):976-983.

39.

Taylor, N.A.S., Regan, J.M., Patterson, M.J. and Cotter, J.D. (1995). The regulation
of human eccrine sweating. Proceedings of the 10th Biennial Conference.

40.

Totel, G.L. (1974). Physiological responses to heat of resting man with impaired
sweating capacity. Journal of Applied Physiology. 37(3):346-352.

41.

Totel, G.L., Johnson, R.E., Fay, F.A., Goldstein, J.A., Schick, J. (1971).
Experimental hyperthermia in traumatic quadriplegia. International Journal of
Biometeorology. 15(2):346-355.

42.

Vaidya, J.S., Dhume, R.A. (1994). Influence of lateral posture on sweating: does
posture alter the sympathetic outflow to the sweat glands? Indian Journal of
Physiology and Pharmacology. 38(4):319-322.

43.

Wallin, B.G., Stjernberg, L. (1984). Sympathetic activity in man after spinal cord
injury. Outflow to skin below the lesion. Brain. 107(Pt 1):183-198.

44.

Yaggie, J.A., Niemi, T.J., Buono, M.J. (2002). Adaptive sweat gland response after
spinal cord injury. Archives of Physical Medicine and Rehabilitation. 83(6):802805.

181

